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Abstract 
 
 
Metal-organic framework (MOF) materials, assembled by the connection of metal 
cations or clusters through different organic groups, have been the subject of great 
interest recently. Unfortunately to date, although several hundred different 
metal-organic frameworks have been discovered and the properties as well as possible 
applications have been widely investigated, the number of MOFs known to undergo 
ion exchange remains a tiny subset of the total
1-4
. In a significant proportion of those 
the exchange involves coordinatively saturated metal ions, whose effect on the desired 
properties is usually rather limited. In this thesis we present a synthetic route to the 
formation of a series of new zinc carboxyethylphosphonate materials, exemplified by 
(NH4)2[Zn2(O3PCH2CH2COO)2]·5H2O (henceforth denoted BIRM-1, standing for the 
first MOF synthesized in the University of Birmingham ). It is a novel highly 
crystalline ion exchangeable phosphonate based metal organic framework with a three 
dimensional porous structure. Compared to most other metal organic frameworks, 
BIRM-1 has the advantage of containing exchangeable ammonium cations within the 
channels. The ability to undergo ion-exchange is of interest in its own right, but also 
enables fine-tuning of the properties with a view to produce functional porous MOF 
material. The investigations performed into the ion-exchange properties of BIRM-1 
ii 
 
with Li
+
, Na
+
, K
+
, Mg
2+
, Mn
2+
 and Co
2+
 by a variety of techniques were described in 
this thesis. The structural frameworks of K
+
, Mg
2+
 and Co
2+
 exchanged products were 
investigated with both powder X-ray diffraction data by Rietveld refinement and the 
single crystal X-ray diffraction structure analysis. In addition, the dehydration and 
rehydration as well as the structure flexibility for BIRM-1 and the exchanged products 
were explored and the hydrogen storage attempts with K
+
 exchanged product were 
also investigated. 
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Chapter 1 
Introduction 
 
 
1.1 Historical Development of Metal–Organic Frameworks 
As a relatively new family of porous materials, metal–organic frameworks (MOFs) 
have attracted attention from a wide range of industrial and academic researchers in 
recent years, and have developed into one of the most prolific fields in chemistry and 
materials science
5, 6
. These compounds are highly crystalline inorganic–organic hybrid 
materials constructed of single metal ions or polynuclear metal clusters linked by 
multidentate organic ligands principally through coordinate bonds
7, 8
. The dynamic 
behind the very rapid development in this area is potentially superior characteristics 
and properties, with the possibility of designing new three-dimensional (3D) 
frameworks and functionality
9, 10
. 
 
The synthesis of MOFs can be recognized to have developed from the fields of 
coordination and solid state chemistry
11
, in which a long history has been dedicated to 
the investigation of coordination polymers that formed with metal ions linked with 
various organic ligands
12, 13
. The first review of this area was published in 1964, but 
the interest in porous coordination networks was raised much later, starting around 
1990. In 1989 and 1990, the foundations for future MOFs was set by Hoskins et al.
14, 
2 
 
15
 for the synthesis of a series of 3D rod-linked frameworks with large cavities and 
windows (exemplified by {Cu
I
[C(C6H4CN)4]}n
n+
, Figure 1.1), which demonstrated a 
wide range of general synthetic approaches to a variety of new, unusual and useful 
materials. This forecast has been subsequently validated by many scientists around the 
world, through the synthesis of a large range of stable crystalline solid porous 
materials
16
 for a wide number of potential applications
9, 10, 17-19
. 
 
Fig. 1.1 Framework structure of {Cu
I
[C(C6H4CN)4]}n
n+
, demonstrating the rod-linked 
(C-C6H4-CN-Cu) diamond-like network; hydrogen atoms and internal solvent have been 
omitted for clarity; colour scheme: Cu – purple, N – blue, C – black.  
 
From 1995, the field of coordination polymers expanded greatly. In 1995, the 
group of O. M. Yaghi demonstrated the synthesis of a layered Co microporous MOF, 
which showed reversible sorption properties with aromatic molecules
20
. Two years 
later, Kitagawa et al. reported three MOFs with 3D porous structure, and were able to 
demonstrate room temperature gas adsorption properties with O2, N2 and CH4
21
. In 
1999, the synthesis of a very interesting 3D material MOF-5 with pore topology was 
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reported by Li et al.
22
 This work introduced the concept of isoreticular synthesis and 
led to further developments in the design of new crystalline solid state materials
23, 24
. 
As the syntheses and structures of a large number of isoreticular metal organic 
frameworks (IRMOFs, IR standing for isoreticular, indicating the structures have the 
same topology
23
) were published by Yaghi’s group in 200225 (Figure 1.2), the concept 
of isoreticular chemistry became widespread and the name of MOF was made 
prevalent
26
.  
 
 
Fig. 1.2 Framework structures of IRMOF family synthesized with different dicarboxylic acid 
ligands, differing in functionality (IRMOF-1 to IRMOF-7), in length (IRMOF-8 to 
IRMOF-16) and catenated phases (IRMOF-9, -11, -13 and -15); hydrogen atoms and internal 
solvent molecules have been omitted for clarity; colour scheme: ZnO4 – blue tetrahedra, Br – 
green, N – blue, O – red and C – black; the yellow spheres illustrate the void space inside the 
framework (reproduced from reference 5
5
). 
 
Based on this concept, a large number of exciting compounds are being 
created and investigated currently. Starting from 2002, the group of Férey reported an 
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extensive series of porous MOFs termed MIL-n (MIL standing for Materials of 
Institute Lavoisier), some of which exhibit very interesting large-magnitude reversible 
swelling properties (MIL-53
27
 and MIL-88
28
, -89
29
). Since the structural model for a 
mixed ligand compound [Cu2(dicarboxylate)2(diamine)] was first published by Seki et 
al.
30
, numerous studies have been dedicated to the synthesis of this type of 
mixed-component metal–organic framework by varying these organic components 
directly during synthesis or via post-synthetic modifications to further enhance the 
functionalities
31-33
. Nowadays, the MOF family has been extended to 
imidazolate-based compounds (known as zeolitic imidazole frameworks, ZIFs). They 
are a special class of MOFs, in which the metal ions are linked by substituted 
imidazolate
34
 with a wide range of different functional groups to form zeolite-type 
materials, which normally have excellent chemical, and thermal stabilities and show 
the potential for selective gas adsorption
33, 35, 36
.  
 
The historical development of this new class of porous solids demonstrates 
only the tip of the iceberg of exhilarating MOFs, with different structural topologies 
and possible applications, over the last two decades. The field of MOF chemistry has 
matured, and researchers from different areas beyond chemistry are involved in the 
construction of possible combinations of new functional ligands with different metal 
clusters, which facilitates the navigation within this field for current and future 
research. 
 
1.2  Synthesis of MOFs 
Naturally, as in any mature research area, a systematic investigation of the material is 
always needed and a set of principles should be established for the creation of porous 
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solid state materials. For MOFs, crystal growth techniques such as slow diffusion, 
layering solution, hydrothermal and solvothermal are usually used to obtain such 
crystalline porous materials
23
. As exemplified by the work of Hoskins and Robson
14, 15
, 
early MOF synthesis was largely achieved by low temperature methods such as 
precipitation reactions, assisted by recrystallization or slow evaporation of the 
solvent
11
. However, as the field has shifted towards the design of larger and more 
functional pore materials, with bigger molecules and more complicated reagents used 
to construct the framework, hydro/solvothermal synthesis with comparatively high 
temperatures (100°C – 250°C) have become a more convenient method37. Reactions 
based on this method are generally carried out in a polytetrafluoroethylene (TeflonTM) 
liner sealed by a stainless steel autoclave under elevated temperature (above 100°C) 
and elevated or autogeneous pressure (above 1 bar) conditions. Under the resultant 
pressure–temperature conditions, the solubility of the reagents is amplified and the 
chemical behaviour of the solution is modified to favour formation of desired 
phases
38
. 
 
Even with the convenience of the hydrothermal synthesis techniques, an 
understanding of how to obtain desired porous frameworks and more importantly tune 
the chemical environment of the internal space for certain applications remains a 
longstanding challenge. Before Yaghi et al. first raised the concept of Isoreticular 
Chemistry
23
, most of the MOFs obtained were synthesized rather than designed. In the 
reticular synthesis, a design of an open network can be assembled by holding the rigid 
secondary building units (SBUs) with the organic linkers
23
. In most cases, reaction 
conditions could result in SBUs with specific geometry leading the formation of a 
predetermined structure. Thus 3D framework MOFs can be constructed by following 
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a target network “blueprint” and identification of the required building blocks and 
linkers, as well as the conditions
8, 16
 (See Figure 1.3 for example). 
 
 
Fig. 1.3 Framework structure of SBU (upper left) of IRMOF family, Zn4O(COO)6, 
comprising four ZnO4 tetrahedra and six carboxylate groups, connected with organic ligand 
1,4-benzenedicarboxylate (bdc) to form MOF-5; hydrogen atoms and internal solvent 
molecules have been omitted for clarity; colour scheme: ZnO4 – blue tetrahedra, O – red and 
C – black; yellow sphere illustrates the void space inside the framework. 
 
An important step forward for the synthesis of MOFs is to use the same SBUs 
but using extended or functional linkers to create larger porous MOFs or functional 
porous frameworks. The best example to demonstrate this is the IRMOF family
25
. 
These MOFs shared the same SBU geometry with MOF-5, but are linked with 
different ditopic ligands. 
+ 
7 
 
 
Fig. 1.4 A series of carboxylic ligands with different lengths used for the constructions of 
IRMOFs. 
 
Compared with the ligand bdc used in MOF-5, pore enlargement was found to 
be easily achievable if progressively larger linkers (Figure 1.4) were used for the 
construction of MOFs. Furthermore, if the following ligands (Figure 1.5) were used to 
link the SBUs and reticulate the frameworks, the nature of the MOFs will be different 
as the functional group decorates the pore structures. 
 
 
Fig. 1.5 A series of carboxylic ligands with different functionality used for the construction of 
IRMOFs. 
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1.3  Carboxylate-based MOFs 
Besides the previously outlined IRMOF family, by combining possible ligands, 
co-ligands and metals, there is a large number of other compounds that have been 
explored in recent years
39
. Most of them are carboxylate-based MOFs and have been 
proved to have wide-ranging properties. 
 
One of the most important features of MOFs is their high accessible surface 
areas, which are important in many possible applications. Three years after Yaghi and 
colleagues reported the IRMOF series, a group in Versailles designed an extensive 
series of carboxylate MOFs following the same concept of reticular chemistry, named 
MIL-n (MIL standing for Materials of Institute Lavoisier). One of the most interesting 
products, Cr3F(H2O)2O[(O2C-C6H4-CO2)]·nH2O (MIL-101) exhibited an ultra-high 
porosity which had never been reached before
40
. The SBU for this structure is actually 
constructed from a “super-tetrahedron” (Figure 1.6b). It is formed from a linkage of 
bdc ligands and four inorganic trimers which are composed of three CrO6 octahedra 
(Figure 1.6a). These super-tetrahedra are linked to each other through the four vertices, 
constructing the framework which contains two types of cages (Figure 1.6d), and 
finally resulting in a structure with a topology similar to the zeotype, Mobil 
Thirty-Nine (MTN) (Figure 1.6c). This porous material exhibits a giant accessible 
pore volume and has a surface area for N2 of 5900 m
2
 g
-1
 (77 K), which was the 
highest porosity of any material synthesized at that time
40
. 
9 
 
  
Fig. 1.6 Framework structures of (a) trimeric building block chelated by three carboxylic 
function groups and the ligand bdc, (b) the super-tetrahedron, (c) two types of cages, showing 
the hexagonal and pentagonal windows, with internal diameters of ~29 Å and ~34 Å, (d) 
example of MTN zeotype structure, with two types of cages highlighted by small spheres 
coating with yellow colour; hydrogen atoms and internal solvent molecules have been omitted 
for clarity; colour scheme: CrO6 – pink octahedra, O – red and C – black, small pink spheres 
in (d) represent the super-tetrahedral units; the yellow sphere illustrates the void space inside 
the cage. 
 
However, this surface area record was soon broken. In early 2004, Chae et al. 
published a new MOF named MOF-117
41
. This material used the typical SBU 
+ 
(a) 
(b) 
~34 Å ~29 Å 
(c) 
(d) 
+ 
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[Zn4O(COO)6] as in other IRMOFs, but a tritpoic carboxylic acid, 
4,4’,4”-benzene-1,3,5-triyltribenzoate (btb) (Figure 1.7a) was employed to extend the 
framework, which resulted a very big 3D porous MOF. Based on this exciting result, 
in 2010, a novel isoreticular MOF with ultra-high porosity was synthesized, named 
MOF-200
42
 (Figure 1.7b). For this material, the even larger ligand 
4,4’,4”-[benzene-1,3,5-triyl-tris(benzene-4,1-diyl)]tribenzoate (bbc) was used to link 
the Zn4O(COO)6 SBU, which immensely extended the framework and resulted in a 
surface area of about 10400 m
2
 g
-1
 of material
42
 which is the highest porosity MOF 
ever synthesized with a single ligand. 
 
Fig. 1.7 Framework structures of MOF-117 and MOF-200; Zn4O(COO)6 SBU (left) connect 
with organic linkers (upper middle btb, lower middle bbc) to form MOFs; hydrogen atoms 
and internal solvent molecules have been omitted for clarity; colour scheme: ZnO4 – blue 
tetrahedra, O – red and C – black; yellow spheres illustrate the void space inside the 
framework. 
+ 
(a) 
(b) 
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The structures of conventional crystalline MOFs are usually considered 
“simple” as such materials can be constructed from a small number of secondary 
building units, and modified and extended with carboxylic acid linkers
43
. Linkers are 
diverse, hence plenty of such materials are explored, resulting in the ability to tailor 
the properties of compounds via bigger molecular size or different functionalities. In 
order to further increase diversity, people start to consider the synthesis of MOFs with 
mixed ligands. However, endeavoring to rise the number of linkers in the synthesis 
usually leads to either mixed phases or amorphous materials
32
. 
 
Yaghi and co-workers reported a mixed ligand MOF with exceptional porosity, 
named MOF-210
42
. In the synthesis of this material, two organic ligands, 
4,4’,4”-[benzene-1,3,5-triyl-tris(ethyne-2,1-diyl)]tribenzoate (bte) and 
biphenyl-4,4’-dicarboxylate (bpdc), were coordinated with octahedral Zn4O(COO)6 
SBUs (Figure 1.8), to yield a 3D porous framework containing two types of pore. The 
Langmuir surface area for this mixed ligand MOF is about 10400 m
2
 g
-1
, similar to 
that of MOF-200, but the Brunauer-Emmett-Teller (BET) surface area (6240 m
2
 g
-1
), 
is the highest ever reported for crystalline materials
42
. 
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Fig. 1.8 Framework structure views of MOF-210, Zn4O(COO)6 SBU (left) connects with 
organic linkers (middle left bte, lower left bpdc) to form MOF; hydrogen atoms and internal 
solvent molecules have been omitted for clarity; colour scheme: ZnO4 – blue tetrahedra, O – 
red and C – black; yellow spheres illustrate the void space inside the framework. 
 
Other than making mixed ligand MOFs to break the record of porosity, lots of 
new porous materials are created with mixed ligands to enhance the functionalities of 
resultant materials compared with the parent material with a single type of linker
32
. 
Such materials have been systematically studied by Deng et al.
43
 Based on the 
structure of MOF-5, eighteen isoreticular MOF-5 type structures with different 
functionalities on the linking groups were synthesized (Figure 1.9), with one material 
that could contain up to eight distinct functional groups in one single phase. With 
more than one type of ligand, by carefully tailoring the reaction conditions, pure 
phases still can be achieved with ordered structures, but the dissemination of the 
functional groups is difficult to control.  
+ 
+ 
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Fig. 1.9 Framework structure example of MTV-MOF-5 (Multivariate MOF-5) series material, 
MTV-MOF-5-CEF (right), constructed with Zn4O(COO)6, (CH3)2-bdc, NO2-bdc and Br-bdc 
(left); hydrogen atoms and internal solvent molecules have been omitted for clarity; colour 
scheme: ZnO4 – blue tetrahedra, Br – brown, N – green, O – red and C – black; yellow sphere 
illustrates the void space inside the framework. 
 
Mixed ligand materials with several functional groups within the structure 
exhibit extraordinary functionalities. Examples in this series of materials are the so 
called MTV-MOF-AHI [multivariate MOF-5 combined with three linkers: A: bdc, H: 
(OC3H5)2-bdc, I: (OC7H7)2-bdc], and MTV-MOF-5-EHI [multivariate MOF-5 
combined with three linkers: E: NO2-bdc, H: (OC3H5)2-bdc and I: (OC7H7)2-bdc]. The 
selectivity [V(CO
2
)/V(CO)] for carbon dioxide over carbon monoxide of 
MTV-MOF-4EHI is much better than the MOF-5 or MTV-MOF-5-EI, and the H2 
storage capacities of MTV-MOF-5-AHI is superior than that of MTV-MOF-5-AH, -AI 
and MOF-5. 
 
Besides the MTV-MOF examples, Chun et al. reported that 
Zn2(bdc)(tmbdc)(dabco) (tmbdc: tetramethylterephthalate, dabco: 
+ 
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4-diazabicyclo[2.2.2]octane) showed enhanced H2 uptake capacity (2.1 wt%) over the 
Zn2(bdc)2(dabco) (1.9 wt%) and Zn2(tmbdc)2(dabco) (1.8 wt%)
44
, and the mixed 
ligands MOFs [Zn(1,3-bdc-NO2)0.13(1,3-bdc-OMe)0.87(4,4’-bipy)] 
(4,4’-bipy:4,4'-bipyridine) synthesized by Fukushima et al.45 exhibited much greater 
CO2 adsorption than [Zn(1,3-bdc-NO2)(4,4’-bipy)] and better CO2 selectivity over 
CH4 than [Zn(1,3-bdc-OMe)(4,4’-bipy)]. The possible presence of distinct sequences 
of functional linkers along the MOFs structures demonstrates that the integration of 
various functionalities within MOFs might be useful for the enhancement of a 
particular functionality or achieving novel properties. 
 
Besides the porosity and functionalities of MOFs, another interesting feature 
arising with certain MOFs relates to their flexible structures. Depending on the nature 
of the framework, the input (or the removal) of the guest will result either in an 
extension or a contraction of the unit cell volume. Such a phenomenon can be well 
illustrated by MIL-53 type MOFs [M3(OH)(bdc)(H2bdc), M = Cr
27
, Al
46
 and Ga
47
], 
and MIL-88 type MOFs
28, 48
 [M3O(H2O)2X(L)3·(guest), where M = Fe, Cr; X = F, Cl; 
L = fumarate (88A), bdc (88B), 2,6-naphthalenedicarboxylate (88C), 
4,4’-biphenyldicarboxylate (88D)] and MIL-8929 
[Fe3O(CH3OH)3Cl(O2C-C4H4-CO2)3·(guest), where guest = methanol or water]. 
 
The as-synthesized MIL-53Cr (Figure 1.10a) is a 3D structure with 
one-dimensional (1D) large channels (projected into the paper) filled with excess bdc 
molecules. When the internal solvent was removed under high temperature, this 
resulted an expanded porous solid with the diameter enlarged from 12.18 Å to 13.04 
Å (Figure 1.10b).  
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Fig. 1.10 Structures of MIL-53Cr, illustrating the framework extension from (a) 
as-synthesized MIL-53 to (b) framework opened upon high temperature, and (c) after 
reversible rehydration; Hydrogen atoms and bdc molecules inside the channels of (a) have 
been omitted for clarity; colour scheme: CrO6 – pink octahedra, O – red and C – black. 
 
On rehydration of this anhydrous form, a structure transition was observed. 
The pore was condensed when the water molecules were present (Figure 1.10c) and 
reopened when the guest was removed, which is fully reversible and allows a very 
large ‘breathing’ effect from 13.04 Å to 7.85 Å27. The water hydrogen bonding inside 
the channel is believed to be responsible for this large effect
37, 46
. The Al and Ga 
version of MIL-53 MOFs show very similar breathing effects as well
47
, but in the Ga 
version of the dehydrated form, the pore performed in both open and closed forms 
depends on the temperature. The dehydrated form is stable until the temperature 
reaches 653 K. Above 493 K, an expanded porous structure can be formed, which is 
similar to the dehydrated MIL-53Cr. At temperatures between 333 K and 493 K, this 
+ H2O 
- H2O 
573 K 
(a) 
13.04 Å 
12.18 Å 
7.85 Å 
(b) 
(c) 
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dehydrated form barely exhibited any porosity. Below 333 K, water was coordinated, 
resulting in a rehydrated structure. This unusually large framework expansion is even 
more obvious in the MIL-88 and MIL-89 type MOFs. For the MIL-88D the extended 
pore diameter of the dehydrated phase was up to 200% bigger than the shrunken form 
(from 10.1 Å to 20.4 Å)
28
.  
 
Examples demonstrated here illustrate the current investigations for 
carboxylate-based MOFs, showing the remarkably high surface area and tunable 
properties of the pore sizes and functionalities as well as the dynamic properties. 
However due to the inexhaustible possible combinations of inorganic and organic 
moieties, an abundance of other types of MOFs have also been developed. Such 
materials as zeolitic imidazolate frameworks, sulfonate metal organic frameworks and 
metal phosphonate frameworks increase the diversity of porous materials and increase 
the potential for further applications. 
 
1.4  Phosphonate-based MOFs 
Phosphonate-based MOFs (characterized by a chemically stable carbon to phosphorus 
bond) are considerably rarer in recently published literature than carboxylate-based 
counterparts, but owing to the ability of forming stronger bonds than carboxylates 
with metal atoms, still there are a considerable number of investigations dedicated to 
this area
39, 49
. Phosphonates have three oxygen atoms capable of bonding to metals. 
This results in many possible modes of coordination and different topologies. In early 
studies, the majority of metal phosphonate compounds were formed of densely 
packed layered structures, which do not have porosity. Attempts have been carried out 
to modify the chemical environment within the interlayer either directly or by post 
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synthetic methods to include functionalities such as catalysis
50
, hosts for intercalation 
compounds
51
, and protonic conductors
52
, or even introduce pillaring moieties to create 
more interlayer space
53, 54
. However, when the first 3D metal phosphonate framework 
β-Cu(O3PCH3) was created by Le Bideau and co-workers in 1994
55
 (Figure 1.11), the 
research field for phosphonate-based MOFs became more attractive
49, 56
. 
 
Fig. 1.11 Framework structure of β-Cu(O3PCH3), illustrating the 1D channels running along 
the framework; hydrogen atoms and internal solvent have been omitted for clarity; colour 
scheme: Cu – blue, P – purple, C – black, O – red. 
 
The reviews of Maeda
56
 and Gagnon
39
 covered most of the progress dating 
from 1994 to 2011 for phosphonate-based MOFs. Among these products, most were 
synthesized with three main ligand types: alkylphosphonic acids, 
piperazinylphosphonic acid and carboxylphosphonic acids (Figure 1.12) to extend the 
structure with different topologies and properties. 
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Fig. 1.12 Phosphonic acids used for the construction of phosphonate-based MOFs. 
 
As outlined above, β-Cu(O3PCH3) is the first porous phosphonate framework 
synthesized with methylphosphonic acid. After this, aside from only a few papers 
published by Maede and co-workers for the synthesis of other comparable porous 
phosphonates α-AlMePO57, 58 and β-AlMePO57, 59 by the coordination of 
methylphosphonic acid with alumina, other discoveries in this field have proved 
unfavorable. In 1997, Lohse et al.
60
 successfully used methylenediphosphonic acid as 
a ligand to synthesize a 3D porous phosphonate material. In this material 
Co2(O3PCH2PO3)·H2O (Figure 1.13), divalent cobalt cations are found in both 
tetrahedral and octahedral geometries. The structure can be visualized as sheets of 
CoO6 trimers cross linked by CoO4 tetrahedra, and then extensively decorated with P–
CH2–P units. The cross-linking of the layers by CoO4 tetrahedra constructs the 
methylene-lined pores.  
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Fig. 1.13 Framework structure of Co2(O3PCH2PO3)·H2O, illustrating the construction of the 
structure; hydrogen atoms and internal solvent have been omitted for clarity; colour scheme: 
CoO6 – blue octahedra, CoO4 – blue tetrahedra, P – purple, O – red and C– black. 
 
Spurred by the synthesis of this structure, following investigations were then 
focused on increasing the chain length of the alkybisphosphonic acid 
[H2PO3(CH2)nPO3H2] to extend further the pore size of the target metal phosphonate 
framework in an isoreticular manner. However, compounds with the chain length n = 
2-5 usually form pillared layered structures (Figure 1.14), rather than a 3D porous 
framework
61-63
, in which the metal cations were coordinated with oxygen atoms 
provided from CPO3 units and linked with each other to form inorganic layers 
connected by the organic linkers. The stacking between the layers varies due to the 
conformation of the numbered organic chains and the coordination states of the metal 
used. Only a few reported success with n greater than 6
39, 64
. Most are condensed layer 
structures, but as an exception, the pillared layered structure can be formed (n = 10)
65
 
(Figure 1.14e). 
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Fig. 1.14 Framework structures of alkyldiphosphonates with different chain lengths: (a) 
Fe(HO3P(CH2)2PO3)·(H2O)
61
, built with FeO6 octahedra and CPO3 tetrahedra, linked with 
(CH2)2; (b)V2O2(H2O)[O3P(CH2)3PO3]·2H2O
64
, built with VO6 octahedra and CPO3 tetrahedra, 
linked with (CH2)3; (c) Zn[HO3P(CH2)4PO3H]·2H2O
63
, built with ZnO4 tetrahedra and CPO3 
tetrahedra, linked with (CH2)4; (d) V2O2(H2O)[O3P(CH2)5PO3]·3H2O
64
, built with VO6 
octahedra and CPO3 tetrahedra, linked with (CH2)5; (e) Ga[HO3P(CH2)10PO3]
65
, built with 
GaO6 octahedra and CPO3 octahedra, linked with (CH2)10; hydrogen atoms and internal 
solvent molecules have been omitted for clarity; colour scheme: FeO6 – brown octahedra, 
VO6 – dark orange octahedra, ZnO4 – turquoise tetrahedra, GaO6 – light green octahedra, P – 
purple, O – red and C – black. 
 
The alkylphosphonates provided good examples of isoreticularly synthesized 
larger 3D pillared layered structures, which is a short distance from the 3D open 
frameworks, but unquestionably, the latter still present quite a challenge. Hence, some 
(b) (c) 
(d) 
(a) 
(e) 
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groups were starting to explore the possibility of synthesizing open metal phosphonate 
frameworks with other ligands. Piperazinylphosphonic acid is one such ligand, which 
alongside some of its derivatives have proved very interesting as they contain two 
phosphonic acids, both capable of three states of protonation as well as the amino 
nitrogen atom giving rise to greater versatility in the formation of more cross-linked 
structures.  
 
Porous phosphonate frameworks using piperazone-derived ligands were first 
reported in Zubieta’s group in 199666. N,N'-piperazinebis(methylenephosphonic acid) 
was combined with Mn and Co to form dense 3D frameworks containing 1D channels. 
Following this discovery, lots of metal piperazine-based open phosphonate structures 
were published
39
. The most notable examples are the STA-12
67
 series (St Andrews 
microporous material number 12) and STA-16
68
. 
 
STA-12 is a crystalline microporous metal 
N,N'-piperazinebis(methylene-phosphonate) with a hexagonal array of 1D channels, 9 
Å (Figure 1.15a) in diameter. The structure is based on inorganic chains of 
octahedrally coordinated metal cations, MO5N (M = Ni
2+
, Mn
2+
, Fe
2+
 and Co
2+
). Each 
MO5N octahedron consists of a metal cation and in coordination with four oxygen 
atoms from two different phosphonate tetrahedra and one water oxygen atom, plus a 
nitrogen atom from the piperazine ring of the phosphonic acid .It was the first 
3-dimensional large pore metal phosphonate to be synthesized
69
. For STA-16, this 
structure is isoreticular to STA-12 but with a larger phosphonic acid 
N,N’-4,4’-bipiperidinebis(methylenephosphonic acid) to further extend the wall size. 
This resulted a very similar framework to that of STA-12, but with much greater pore 
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size diameter (18.5 Å) (Figure 1.15b). These two compounds are interesting not only 
because of the very large pore size, but also both porous structures could be 
maintained upon dehydration. More importantly the pores of both materials contained 
phosphonate oxygen atoms, and the water bonded to the metal centre can be removed, 
leaving unsaturated metal sites, which can therefore undergo further interaction with 
gas or solvent molecules
39, 70
. 
 
Fig. 1.15 Framework structures of (a) STA-12(Ni) and (b) STA-16 (Co), illustrating the 
isoreticular structures; hydrogen atoms and internal solvent molecules have been omitted for 
clarity; colour scheme: NiO5N – cyan octahedra, CoO5N – blue octahedra, CPO3 – purple 
tetrahedra, N – green, O – red and C – black. 
 
Owing to the large coordination shell and wide variety of coordination 
environments of lanthanides
69
, as well as their interesting magnetic and luminescent 
properties
39
, investigations were carried out using lanthanide metals to construct 
piperazinylphosphonates. From Wright’s group69, 71, 72, a series of 3D porous 
frameworks have been obtained by coordination of piperazinylbisphosphonates with 
Yd
3+
, Y
3+
, Dy
3+
, Gd
3+
, Nd
3+
, Ce
3+
 and La
3+
, exhibiting permanent porosity and 
considerable structural variation upon dehydration. These results also revealed 
~18 Å 
~9 Å 
(a) (b) 
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relationships between cation size and the structural types. 1D lanthanide phosphonate 
chains are the main feature of those structures. With smaller lanthanide cations 
(smaller than Eu
3+
), octahedrally coordinated Ln
3+
 ions are usually observed (Figure 
1.16a), whereas the larger cations such as Nd
3+
 form different types of structure with 
eight-fold coordination (Figure 1.16b)
69, 72
. Further increasing the cation size to Ce
3+
 
and La
3+
 to react with 2-methyl and 2,5-dimethyl derivatives of 
N,N’-piperazinebis(methylenephosphonic acid), resulted in more new structures, with 
lanthanides adopting seven or eight fold coordination
71
. 
 
 
Fig. 1.16 Framework structures of (a) Gd2(O3PCH2N(C2H4)2NCH2PO3H2)3·3H2O and (b) 
Nd2(O3PCH2N(C2H4)2NCH2PO3H2)3·9H2O, illustrating the 3D porous structure and the 
coordination environments of Gd
3+
 and Nd
3+
; hydrogen atoms and internal solvent molecules 
have been omitted for clarity; color scheme: Gd – yellow, Nd – cyan CPO3 – purple tetrahedra, 
N – green, O – red and C – black. 
 
Open framework metal phosphonate materials can also be obtained by 
coordination with carboxylphosphonic acid. With the development of different 
synthetic methods, more and more different structures have been published in the 
literature
39, 56
. Hix et al. reported a number of metal phosphonate frameworks
73-75
, of 
which one published structure Zn3(O3PCH2CO2)2 has a framework with large 
channels (10 × 6.8 Å) (Figure 1.17a). With the same ligand, Cu
76, 77
, Mn
78, 79
 and Pd
80
 
(a) (b) 
NdO8 GdO6 
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structures have been reported later by other groups, however, most of these exhibited 
dense framework and do not contain large pores (Figure 1.17b–d). In order to 
assemble more extended frameworks, attempts with larger ligands were therefore 
carried out. 
 
Fig. 1.17 Framework structures of (a) Zn3(O3PCH2CO2)2·3H2O
73
, (b) 
Cu1.5(O3PCH2CO2)·H2O
76
, (c) Mn3(O3PCH2CO2)2
78
, (d) Pb3(O3PCH2CO2)2
80
, illustrating the 
channels present; hydrogen atoms and internal solvent have been omitted for clarity; colour 
scheme: Zn – cyan, Cu – blue, Mn – green, Pb – gold, P – purple, O – red and C – black. 
 
One interesting investigation in this area was carried out by Chen et al.
81
 
Using 4-phosphonobenzoic acid (H3pbc), six zinc carboxylphosphonates with open 
(a) 
(d) 
(c) 
(b) 
25 
 
frameworks were obtained under mixed solvothermal conditions with the presence of 
organic amines as structure templates agent. Three of the products have 3D 
zeolite-type structures.  
 
Fig. 1.18 Framework structures of (a) Zn2(pbc)2·2Hdma·dmf·H2O, (b) Zn2(pbc)2·H2teta·H2O, 
(c) Zn(pbc)·H3O, showing the zeolite-type topologies; hydrogen atoms and internal solvent 
have been omitted for clarity; colour scheme: ZnO4 – cyan tetrahedra, CPO3 – purple 
tetrahedra, O – red and C – black. 
 
As shown in the Figure 1.18a and b, the double-crankshaft inorganic chains of 
Zn2(pbc)2·2Hdma·DMF·H2O and Zn2(pbc)2·H2teta·H2O (dma = dimethylamine; dmf 
= N,N-dimethylformamide; teta = triethylene tetramine) were constructed by the 
(a) (b) 
(c) 
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corner sharing of ZnO4 and CPO3 tetrahedra connected by the organic moieties into 
gismondine-like zeolite topologies
81
. The structure of Zn(pbc)·H3O (Figure 1.18c) 
featured cages which are normally found in zeolites. The work itself expanded the 
synthetic methods for achieving 3D porous structures and revealed that 
structure-directing agents were effective in constructing a variety of 
zinccarboxylphosphonate structures. 
 
Following Chen’s work, Li and co-workers used the same ligand to construct a 
pillared layered compound Zn(H2O)6[Zn8(pbc)6(4,4′-bipy)] by hydrothermal synthesis 
in the presence of an additional organic ligand 4,4’-bipyridine (Figure 1.19a)82. The 
inorganic layer was formed of ZnO4, ZnO3N and CPO3 tetrahedra, which contained 
12-membered rings (Figure 1.19b), cross-linked by both 4-phosphonobenzoic acid 
and 4,4’-bipyridine through the coordination of the carboxylate oxygen and pyridyl 
nitrogen with zinc atoms. The charge of the anionic framework was balanced by 
hexaaqua zinc atoms located inside the cages generated by the inorganic window and 
the organic pillars. However, by using dabco as a second ligand, a neutral and 
isostructural framework (Hdabco)2[Zn8(pbc)6]·6H2O can be obtained with only water 
contained inside the channels (Figure 1.19c). This work is very interesting, as the 
cavity structures contained 12-membered windows, and demonstrated an approach to 
control the pore size distribution by employing a second organic ligand to template 
the structure. 
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Fig. 1.19 Framework structures of (a) Zn(H2O)6[Zn8(pbc)6(4,4′-bipy)], (b) 12-membered 
inorganic layer, (c) (Hdabco)2[Zn8(pbc)6]·6H2O, illustrating the 3D open frameworks and the 
cavities constructed by the 12-membered windows and ligands; hydrogen atoms and internal 
solvent have been omitted for clarity; colour scheme: ZnO4 – cyan tetrahedra, CPO3 – purple 
tetrahedra, N – green, O – red and C – black. 
 
From the range of structures discussed, as a relatively new classification of 
porous material phosphonate-based MOFs have exhibited a diversity and complexity 
different from other materials, and represent attractive candidates for further 
applications and investigation. One big difference of the phosphonate-based MOFs is 
their very low solubility, especially for trivalent and tetravalent metal phosphonates, 
which makes it difficult to prepare large enough single crystals, making the 
determination of the crystal structure a challenge
39, 49
. As more advances are made 
with powder XRD structure modelling and refinement, it is expected that further 
interesting porous phosphonate structures will be discovered and analyzed, and 
consequently novel properties will be identified. 
 
(a) 
(b) 
(c) 
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1.5  Applications for Porous MOFs 
Within the past 20 years, the field of MOF chemistry has passed from curiosities to 
strategic materials. Other than focusing on deeply understanding the synthesis 
procedures, more and more studies are taking a closer look at their specific properties. 
The ability to fine-tune frameworks to adjust the chemical environment inside the 
structure, and especially the high porosity of MOFs, render them useful for volume 
specific applications such as catalysis, gas storage, gas purification, gas separations, 
and drug delivery
7, 9, 10, 19, 83
. 
 
1.5.1 Gas Storage and Separation in MOFs 
 
Amongst various porous materials, MOFs owing to their low density, high accessible 
porosity, ability to tune the pore geometries and tailor the surface properties, have 
received growing attention from chemists and materials scientists for gas separation 
and storage materials, especially for hydrogen
7, 10, 83, 84
. In order to deal with the 
foreseeable depletion of fossil energy resources, hydrogen has been considered as a 
potential energy carrier for a long time. Unfortunately it is a low density gas under 
ambient conditions, which means the energy density is much too low for practical use. 
It is therefore desirable to develop a commercially viable and safe, on-board solid 
hydrogen storage system to facilitate the use of hydrogen as a clean energy source 
instead of fossil fuels.  
 
Since the first report of hydrogen adsorption on a porous MOF by Rosi et al. 
in 2003
85
, there have been around 200 different MOFs that have been studied
7
. 
Hydrogen storage in MOFs is based on physisorption
10
. With just two electrons, the 
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hydrogen molecule forms very weak Van der Waals bonds (mainly dispersive and 
electrostatic interactions) with the surface of the MOFs
86
, which results in a low 
interaction energy (between 4 and 10 kJ/mol H2)
87
. Thus it is not surprising that as 
surface area is increased, the contact between hydrogen and the adsorbent will be 
enhanced leading to a higher uptake. One of the most remarkable results is provided 
by Furukawa et al.
42
. An ultra-high porosity material MOF-210 was created in their 
group in 2010, which has the highest BET surface area (6240 m
2
/g) among porous 
solids. Hydrogen storage investigations revealed a total gravimetric uptake of 15 wt% 
(11.0 wt% for MOF-117
88, 89
 at 70 bar and 77 K) at 80 bar and 77 K
90
 (Figure 1.20). 
Although fast loading and unloading is achieved in MOFs, significant hydrogen 
uptake has only been achieved at extreme temperature conditions
87
. When the 
temperature is raised to ambient temperature, the hydrogen uptake will drop 
significantly in general
10
. For MOF-210, the total hydrogen uptake is lowered to 2.7 
wt% at 80 bar and 293 K
90
. To date, none of these MOFs can take up sufficient 
hydrogen to fulfil the U.S. Department of Energy 2015 hydrogen storage target [7.5 
wt% and 70% kg H2/kg system at near ambient temperature (−40°C to 85°C) and 
pressure (less than 100 atm)]
91
. Therefore efforts are currently being devoted to the 
investigation of various strategies to enhance hydrogen uptake in MOFs under 
ambient conditions.  
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Fig. 1.20 High pressure H2 isotherms at 77 K of selected high porosity MOFs (reproduced 
from reference 42
42
). 
 
In order to achieve high hydrogen uptake under ambient conditions, hydrogen 
should be absorbed with an optimal interaction energy of about 20 kJ/mol
92, 93
 in host 
materials, avoiding the orbital interaction that leads to strong metal hydrogen bonds 
and utilizing a simple charge-induced dipole interaction. This could technically give 
the materials the ability to absorb hydrogen under milder, even ambient conditions
92
. 
Two main strategies have been pursued recently for enhancing hydrogen storage 
within MOFs. One is to optimize the accessible surface area within a framework. It is 
widely recognized that a high surface area correlates almost linearly with the overall 
hydrogen uptake in a homogeneous, physisorption system
94-96
. By tailoring the 
framework with long and narrow pores, hydrogen can be absorbed inside such 
materials with higher binding energies by overlapping the interaction potential from 
the surrounding walls
97, 98
. Theoretical
99
 and experimental
100
 results suggested that the 
optimal pore size is around 6 Å. 
 
The second approach is to create more attractive surface sites within the MOFs 
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by using the strong metal hydrogen interactions between unsaturated metal centres 
and hydrogen to enhance the uptake. This route is thought to be a promising way to 
increase the hydrogen uptake capability at higher temperature and lower pressure
101, 
102
, because the interaction energy between hydrogen and the unsaturated metal centre 
is much higher than weak Van der Waals bonds. Dincă et al.103 reported a microporous 
MOF with exposed Mn
2+
 coordination sites, which exhibited a good hydrogen uptake 
capacity (6.9 wt% at 90 bar and 77 K). This high uptake is attributed to the interaction 
of hydrogen molecules with the unsaturated Mn
2+
 sites and was supported by the high 
maximum isosteric heat of adsorption (10.1 kJ/mol). Lee et al.
104
 prepared 
isostructural MOFs with and without unsaturated metal sites. The hydrogen uptake 
results showed the materials with open metal sites had higher hydrogen uptake at 77 
K (2.07 wt% vs. 2.87 wt% at 1 bar and 3.70 wt% vs. 5.22 wt% at 50 bar). 
 
For certain MOFs with saturated metal centres, by post synthetic modifications 
such ion exchange and doping, unsaturated metal centres can also be introduced, 
which is one of the most important advantages for using MOFs as an absorbent over 
other porous solids
10
. Several investigations have been dedicated to this area
105
. 
Mavrandonakis and co-workers computationally explored the effects of introducing Li 
on various MOFs. They showed that the introduction of a single Li
+
 ion per organic 
ligand in IRMOF-14, resulted in a hydrogen storage capacity 7.5 times larger than the 
original IRMOF-14
87
. Hupp and co-workers introduced alkali metals (M = Li
+
, Na
+
 
and K
+
) into the structure of porous MOFs, and revealed that the hydrogen uptake was 
increased after introducing these metal cations, despite the greater contribution to the 
molecular weight of the framework
2
. The highest uptake was the K
+
-exchanged case 
(1.54 wt%), which was 65% higher than the original material (0.93 wt%).  
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Hydrogen storage is one of the most important applications for MOFs 
currently in connection with pollution and energy problems
37
. This requires not only 
sufficient capacity as well as acceptable uptake and release kinetics, but also 
favourable thermodynamics at ambient temperature and pressure
83
. To date, MOFs 
have shown moderate uptake capacity for hydrogen, but lack the interaction energy to 
retain hydrogen inside the structure under milder conditions. Thus synthesis of MOFs 
with high porosity and high binding energy for hydrogen will be a great challenge for 
future research. Other than absorbing hydrogen, MOFs are very promising candidates 
for other gas storage applications, as well as for selective gas adsorption, resulting 
from gas separation by size exclusion and adsorbate–surface interactions10.  
 
1.5.2 Catalysis in MOFs 
 
As porous materials, MOFs have been proven to be very useful in the area of catalysis. 
Advantages of such materials over others are that these materials have highly ordered 
uniform crystalline pore structure, which benefits the shape and size selectivity in 
many catalytic processes
10
. Furthermore, the very open architecture of the framework, 
the homogeneous nature of the internal void space and the giant surface area offer the 
opportunity to distribute a high density of catalytic active centres inside the structure
9
, 
resulting in a very effective catalytic system. 
 
For MOF-based catalysts, the catalytic reaction mainly occurs inside the MOF 
structures. MOFs therefore work as carriers of the active mass. The introduction of 
such active sites can be achieved from various approaches such as direct synthesis or 
post synthetic modification. Long et al.
106
 undertook investigations of the catalytic 
activity a sodalite type (SOD) compound Mn3[(Mn4Cl)3(btt)8(CH3OH)10]2 (H3btt = 
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1,3,5-benzene-tristetrazol-5-yl). The compound is a thermally stable microporous 
material presenting a cubic network of 10 Å pores (Figure 1.21), in which the 
unsaturated Mn ions are exposed on the channel surface, suggesting the metal centres 
will interact with guest molecules and should serve as potent Lewis acids for an active 
heterogeneous catalyst. 
 
 
Fig. 1.21 Framework structure of Mn3[(Mn4Cl)3(btt)8(CH3OH)10]2, showing the Mn sites 
exposed within the 10 Å wide channels; hydrogen atoms and internal solvent have been 
omitted for clarity; colour scheme: Mn – pink, N – sky blue, Cl – green, O – red and C – 
black. 
 
This compound was found to catalyze the cyanosilylation of aromatic 
aldehydes and ketones (Scheme 1.1). Benzaldehyde and 1-naphthaldehyde proved to 
have good conversion, but in contrast the conversion yields for other substrates 
produced negligible results, implicating a relationship between the size of reactants 
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and the pore diameter (Table 1.1)
106
. 
 
 
 
Scheme 1.1 Cyanosilylation of carbonylfunctionalized organic substrates 
 
Table 1.1 Conversion results for the cyanosilylation of carbonyl substrates (reproduced from 
reference 106
Carbonyl 
Substrates 
   
 
Time (h) 9 9 9 9 
Yield (%) 98 90 19 18 
 
Férey and co-workers demonstrated a post synthetic route to surface grafting 
of porous materials allowing the introduction of functional organic sites into the 
structure
107
. They found for the material MIL-101 that coordiniatively unsaturated 
Cr(III) sites could be generated by dehydration, which could then be chelated by 
electron-rich functional groups, resulting in a thermally stable amine species grafted 
to the internal surface
107
. By introducing ethylenediamine (ed) and diethylenetriamine 
(deta) to the structure, this amine grafted MIL-101 exhibited remarkably high 
activities in the Knoevenagel condensation of benzaldehyde and ethyl cyanoacetate 
(Scheme 1.2a)
107
. Furthermore, palladium-loaded 3-aminopropyltrialkoxysilane (aps) 
grafted MIL-101 (Pd/aps-MIL-101) and Pd/ed-MIL-101 also exhibit high activities 
for the Heck coupling reaction (Scheme 1.2b), which is an effective route to couple 
alkenes with organic moieties. 
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Scheme 1.2 (a) Knoevenagel condensation reaction between benzaldehyde and ethyl 
cyanoacetate, (b) Heck coupling reaction between acrylic acid and iodobenzene. 
 
1.5.3 Other Applications 
 
Due to their very large pore volume and ultra-high surface area, as well as the 
adjustability of the framework functional groups, MOFs also have the potential for 
use in drug delivery, by designing in specific binding interactions between the host 
and substrate
46, 83, 108
, and applications related to magnetic properties
109, 110
 and 
luminescent sensors for ions
111
 and guest molecules
112
 have also been developed. 
Most of these specific properties were achieved in MOFs through use of the post 
synthetic method to modify the functionality. Hence further effort should be applied to 
various post synthetic modifications to design optimal MOFs with much enhanced 
properties to cater to a wide range of needs. 
 
1.6  Aims of Thesis 
In the work carried out in this thesis, the aim was to investigate the synthesis and the 
properties of new MOF materials with an ion exchange capacity as well as to explore 
their potential applications. As a result of this work, a synthetic route has been 
developed to a series of new zinc phosphonate materials, exemplified by (NH4)2 
(a) 
(b) 
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[Zn2(O3PCH2CH2COO)2]·5H2O (henceforth donated BIRM-1, University of 
Birmingham porous material number 1). Ion exchange properties with certain 
monovalent and divalent metal cations are explored on BIRM-1with a view to 
develop MOFs with an ion exchange capacity, whose properties would be tunable 
using well established techniques of ion exchange, and to explore potential 
applications. 
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Chapter 2 
Experimental 
 
 
2.1  Solid State Synthesis 
2.1.1 Hydrothermal Synthesis 
 
Hydrothermal synthesis is a technique to crystallize crystals from comparatively high 
temperature at high vapour pressures
38
. It is the main method employed to prepare a 
series of carboxyethylphosphonates in this project. All chemicals were weighed out 
using an analytical balance (up to ±0.1 mg accuracy) in the desired mole ratios, then 
mixed with water and stirred at room temperature. After stirring, the resulting solution 
was placed into a Telfon™ liner and sealed in a stainless steel autoclave in a preheated 
oven under autogeneous pressure conditions. In this unique pressure–temperature 
interaction system, by carefully adjusting other reaction conditions such as pH value, 
reaction time and temperature, the solubility of the reagents involved is amplified and 
the chemical behaviour of the solution is modified to be able to achieve the desired 
phases. 
 
2.1.2 Cation Exchange 
 
Ion exchange experiments were carried out in this project to produce the enhanced 
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functional materials by post synthetic modification. Ion exchange occurs when cations 
present inside the porous structure are exchanged for other cations externally from the 
immersed liquid phase
113
. For this project, the cation existing inside the structure is 
NH4
+
, and the target ions for exchange are from lithium, sodium, potassium, 
magnesium, manganese and cobalt salts solutions respectively. 
 
2.2  Crystallography and Diffraction 
Crystallography and diffraction are widely used for studying solid state materials
114
. 
Crystallography is the science describing the way in which the component atoms in a 
(crystalline) solid are arranged, and diffraction techniques provide very powerful tools 
to understand this arrangement. 
 
2.2.1 Fundamental Crystallography115 
 
A crystal structure is constructed of a unique arrangement of atoms exhibiting long 
range order and symmetry in three dimensions. The lattice is a mathematical concept, 
describing an infinite pattern of points, each of which must have the equivalent 
surroundings in the same orientation. Hence the ideal crystal structure can be 
described as being made up from a lattice by introducing atoms or bulky groups of 
atoms at each lattice point, each of which will then have the same surroundings 
identical to other points. The smallest repeating unit in a lattice that completely 
represents the atomic arrangement and reveals the whole symmetry of the crystal 
structure is entitled unit cell. Hence for an ideal crystal framework, the whole 
structure can be assembled from the repetition of the unit cell following the 
translational symmetry. The three lengths of the edges (a, b and c) and the angles 
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between them (α, β and γ) of the unit cell are known as lattice parameters. 
 
Variations of the unit cell lengths and angles give rise to seven types of 
subunits, associated with seven crystal systems. These seven lattice systems can be 
further categorized by combination with four distinct lattice centrings: primitive 
centring (P), body centring (I), face centring (F) and base centring (C), to result in 
fourteen Bravais lattices (Figure 2.1). Besides these basic atom positions present in 
the unit cells of these fourteen Bravais lattices, the positions of which can be 
described by the fractional coordinates in each axis with the inherent symmetry (Table 
2.1), further symmetry elements are also compulsorily required to describe the atomic 
arrangement of other additional atoms contained in the Bravais lattice. Hence these 
fourteen lattice systems can be further categorized depending on the various 
symmetry elements present: both the point symmetry elements (mirror planes, rotary 
inversion axes, rotation axes and centres of symmetry) which have 32 different 
possible combinations (crystallographic point groups) to describe the symmetry of the 
three dimensional motif, and the translational symmetry elements (glide planes and 
screw axes) to describe all the possible patterns which are raised by merging motifs of 
different symmetries with their applicable lattices
116
. Combining all the possible 
symmetry arrangements in different crystal systems and the lattice types results in 230 
space groups. These space groups completely describe the symmetry of the crystal 
structure and can be adopted to assist in the definition of the atomic arrangements in 
the crystal structures. 
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Fig. 2.1 the fourteen Bravais lattices. 
 
Table 2.1 The seven crystal systems and essential symmetry features. 
Crystal System Unit Cell Dimensions Essential Symmetry 
Cubic a = b = c; α = β = γ = 90° Four threefold axes 
Tetragonal a = b ≠ c; α = β = γ = 90° One fourfold axis 
Orthorhombic a ≠ b ≠ c; α = β = γ = 90° Three twofold axes 
Hexagonal a = b ≠ c; α = β = 90°; γ = 120° One six fold axis 
Trigonal a = b = c; α = β = γ ≠ 90° One threefold axis 
Monoclinic a ≠ b ≠ c; α = γ = 90°; β ≠ 90° One twofold axis 
Triclinic a ≠ b ≠ c; α ≠ β ≠ γ ≠ 90° N/A 
 
2.2.2 Lattice Planes and Miller Indices 
 
The faces of the unit cells or internal planes that intersect the structure can be 
described in terms of three integers (hkl), known as Miller Indices (Figure 2.2). Each 
index denotes the value of the reciprocal of a fraction of the unit cell vectors, a, b and 
c, respectively. Miller Indices represent not just one single plane, but a series of 
Cubic P I F 
Tetragonal P I 
Orthorhombic P I F C 
Hexagonal P Trigonal P 
Monoclinic P C Triclinic P 
41 
 
parallel lattice planes. Hence any equivalent lattice plane will have the same (hkl) 
values denoted as {hkl}. The perpendicular distance between such two planes is 
known as the d-spacing (dhkl). For the tetragonal and orthorhombic systems, the dhkl 
can be derived from Equations 2.1 and 2.2. 
 
Fig. 2.2 Lattice planes described by Miller indices. 
 
Tetragonal:  
1
𝑑ℎ𝑘𝑙
2 =
ℎ2+𝑘2
𝑎2
+
𝑙2
𝑐2
     (Equation 2.1) 
Orthorhombic: 
1
𝑑ℎ𝑘𝑙
2 =
ℎ2
𝑎2
+
𝑘2
𝑏2
+
𝑙2
𝑐2
     (Equation 2.2) 
 
2.2.3 Diffraction and Interference 
 
In order to appreciate how diffraction assists the understanding of the structural 
properties of solid states, a basic understanding of diffraction is necessary. In classical 
physics, the diffraction phenomenon refers to the apparent bending of waves that 
occurs when they encounter small obstacles or spread out through narrow chinks. This 
phenomenon happens with all types of waves, including sound waves, water waves 
and electromagnetic waves such as X-rays. When diffraction occurs, if waves with the 
same frequency are travelling in the same medium and direction, they will 
superimpose to form a wave with greater or lower amplitude. The total displacement 
y 
x 
(111) 
z 
(101) (100) 
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is equal to the vector sum of the displacements of the individual waves. In the case of 
two waves, the observed intensity at any point from the resultant wave can be 
determined by the phase difference between the two waves. If this shift is equal to 
zero, it will lead to completely constructive interference for the final formed wave, 
while if this is equal to half of the wavelength, it will result in completely destructive 
interference (Figure 2.3).                             
                             
             
 
Fig. 2.3 Superposition of two waves gives rise to interference, (a) zero shift and (b) half 
wavelength shift. 
 
2.2.3.1 The Bragg Law 
This interference effect is generally most noticeable for waves whose wavelength is 
roughly similar to the dimensions of the diffracting obstacles. If the obstructing object 
provides multiple, closely spaced openings, a complex diffraction pattern of various 
intensities can be formed. Crystalline solids are such materials, the plane spacings of 
which are similar to the wavelength of X-rays, and hence can provide perfect 
three-dimensional diffraction gratings. X-ray diffraction is grounded on constructive 
Interference 
 
Wave A 
 
Wave B 
 
(a) 
 
(b) 
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interference of monochromatic X-rays. When the diffraction occurs, waves are 
scattered from the electron cloud of atoms at different positions. These differences in 
path lengths result in phase differences between the waves. If the travel path 
difference of the waves is equal to integer multiples of the wavelength, then they 
could interfere constructively. Thus various superpositions are generated and result in 
observed intensity. Hence employing X-rays for the structural investigation of 
crystalline materials becomes one of the most fundamental and useful techniques. 
 
 
Fig. 2.4 Schematic for the path difference derivation for Bragg’s law. 
 
The general relationship between the wavelength of the incident X-rays and 
the path lengths in the crystal lattice planes of atoms is illustrated in Figure 2.4. 
Applying simple trigonometry to the geometrical arrangement leads to the Bragg 
equation (Equation 2.2):  
 
BC + CD = (𝑑ℎ𝑘𝑙 sin 𝜃)+ (𝑑ℎ𝑘𝑙 sin𝜃) = 2𝑑ℎ𝑘𝑙 sin 𝜃  (Equation 2.2) 
where: 
dhkl is the interplanar distance between the planes with the same Miller indices, and 
θ is the incident angle of the radiation. 
dhkl 
dhkl 
A 
B 
C 
D 
Incident X-rays Diffracted X-rays 
λ 
λ λ 
λ 
Atomic scale crystal lattice planes 
θ 
θ 
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Superposition generated in constructive interference only happens if the path 
difference is equal to a multiple of the wavelength (nλ), thus this equation can be 
further simplified to (Equation 2.3): 
 
𝑛λ = 2𝑑ℎ𝑘𝑙 sin 𝜃       (Equation 2.3) 
 
2.2.4 Powder X-ray Diffraction114, 117 
 
X-ray diffraction (XRD) is frequently the primary monitoring method for routine 
phase identification of a crystalline material. Most of the samples prepared in this 
project were polycrystalline powders that consist of large amount of tiny crystals too 
small to be examined by single crystal methods. Hence powder X-ray diffraction was 
a very convenient technique to investigate such materials. In a powder sample, a large 
amount of the randomly orientated crystals are packed together. When irradiated by 
X-rays, diffractions will arise from the tiny sample crystals at all possible angles 
defined by Bragg’s Law and provide a great wealth of information on the 
micro-structural properties of the material and in many cases can be used to 
reconstruct the 3D framework. 
 
A typical X-ray diffraction pattern (Figure 2.5) can be plotted in the form of 
the measured intensity diffracted by a polycrystalline sample corresponding to the 
Bragg angle as the independent variable (2θ). As apparent from Figure 2.5, several 
discrete diffraction peaks are isolated over a continuous background. Such noise is 
mainly generated through experimental and instrumental factors such as amorphous 
phases, detector noise and incoherent scattering. Although information may be 
extracted from the background, in the major powder applications, attempts are 
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generally made to minimize the background during the experiment and it is often 
disregarded in routine pattern analysis. 
 
Fig. 2.5 Typical X-ray diffraction pattern. 
 
The diffraction peaks are the most investigated aspect in an X-ray diffraction 
pattern. There are many important features for a Bragg reflected peak, including peak 
position, peak profile and peak intensity. Peak position is a fundamental factor 
generated from the scattering within lattices. Based on the Bragg equation (Equation 
2.3), diffraction peaks appear at specific angles determined by the wavelength of the 
incident radiation and the unit cell dimensions. These positions can also be inaccurate 
because of some instrumental parameters such zero point errors. 
 
Peak shape profile is a factor to describe the broadening of the diffraction 
peaks. It is important because this parameter contains information of the crystallite 
size which is of interest in materials characterization. This relationship can be 
approximately described by the Scherrer equation (Equation 2.4): 
 
Background 
Peak 
Shape 
Peak 
Intensity 
Peak 
Position 
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𝛽 =
𝐾𝜆
𝜏 cos𝜃
        (Equation 2.4) 
where:  
β is the Bragg peak broadening, in radians, 
K is the shape factor (typically around 0.89), 
λ is the X-ray wavelength, 
θ is the Bragg angle of the peak position, and 
τ is the average crystallite diameter. 
 
It is important to realize that other parameters made contributions to the 
broadening of a diffraction peak as well. The most important of these are usually 
inhomogeneous strain in the crystals and certain instrumental effects.  
 
A powder diffraction pattern is composed of many Bragg peaks with various 
peak intensities. Numbers of factors have either central or secondary roles in the 
determination of the peak intensities. Such factors as the scattering power of the X-ray 
source, efficiency of the detector and data collection time, will affect the absolute 
intensity of the X-ray diffraction pattern. The relative intensities of different Bragg 
peaks in one phase are mainly dependent on the type and position of the atoms located 
inside the unit cell. Certain crystal shapes, especially the case of needle-shaped and 
plate-shaped crystallites will cause a disproportionate amount of intensity generated 
from certain lattice planes and alter the relative intensities. The relative overall 
intensity of a mixed phase largely depends on the relative concentration of each 
phase. 
 
2.2.4.1 Laboratory X-ray Diffractometer 
All the X-ray powder diffraction patterns in this project were collected on a laboratory 
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X-ray diffractometer. The X-rays are generated by bombarding a copper anode target 
with a beam of high energy electrons in a vacuum tube. These electrons are emitted 
from an electrically heated tungsten cathode and accelerated toward the copper target 
by applying a 40 kV voltage. When these high energy electrons irradiate the copper 
target, the inner shell electrons of copper atoms will be dislodged creating vacancies 
in lower orbitals. These vacancies are then filled by other electrons from outer shells 
inducing a cascade of electronic transitions which results in the emission of radiation 
in the form of X-rays. These emitted spectra mostly consist of the radiation profiles 
Kα and Kβ, respectively, for filling with electrons from L and M shells into the K shell. 
In the case of the copper target (Figure 2.6), the Kα radiation is a doublet at the 
wavelengths of Kα1 = 1.5406 Å and Kα2 = 1.5433 Å. These lines are created due to the 
total angular momentum quantum numbers for the 2p electrons of 1/2 and 3/2. Thus 
two possible spin states exist, which results in a small difference in the energy 
transitions and X-ray wavelengths. 
 
 
Fig. 2.6 Energy level diagram for neutral Cu atom. 
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The Kα wavelength is more intense than Kβ. As a single and intense beam of 
radiation is required for X-ray diffraction, a monochromator is necessary to filter Kα2 
and Kβ to yield a monochromatic radiation of Kα1. X-ray diffraction from the 
examined sample can be detected and a position sensitive detector (PSD) is applied to 
count the intensity over a 2θ range. The intensity is directly proportional to the 
amount of X-ray beam hitting the detector. 
 
Ao a Laboratory powder X-ray diffraction patterns for phase identification and 
comparison in this project were all collected on a Bruker D8 Advance X-ray 
diffractometer with transmission (Debye-Scherrer) geometry (Figure 2.7). Cu Kα1 
radiation (λ = 1.54056 Å) was employed as the X-ray source to scan powder samples 
from 5° to 70° (2θ) with the given step size 0.0197° for 30 minutes. Prior to 
characterization samples were dried in air for 3 days and ground, and then sealed 
in-between two layers of Scotch™ magic tape. Samples were rotated perpendicular to 
the X-ray beam during the examination. 
 
 
Fig. 2.7 D8 X-ray diffractometer setup used in this project; (a) sample holder, (b) X-ray 
source, (c) monochromator and (d) detector. 
b 
d 
a 
c 
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2.3  Structure Determination from Powder X-ray 
Diffraction117-119 
The phenomenon of X-ray diffraction by a crystalline material fundamentally relies 
on the scattering of X-rays from the periodically repeating array of atoms. Hence the 
important features of a powder pattern such as peak positions and intensities will give 
information on the atomic arrangements in a crystal structure. The common process 
for the determination of an unknown structure from a powder X-ray diffraction 
pattern is shown in a flowchart (Figure 2.8). For the data collection, a high resolution 
and accurate X-ray diffraction pattern is required to provide sufficient information of 
the peak positions, intensities and peak shape profiles with minimized background. In 
this project, the patterns used for structure determination were all collected for 5 hours 
on a Bruker D8 Advance X-ray diffractometer with transmission geometry with a 2θ 
range from 5° to 90°. 
      
Fig. 2.8 Diagram of common structure determination procedure
117
. 
 
2.3.1 Unit Cell Parameter Determination 
 
After collecting good quality diffraction data, the following step is to determine the 
Appropriate 
Diffraction Data 
Peak Positions 
Searching 
Indexing 
Space Group 
Determination 
Le Bail Intensity 
Extraction 
Structural Model 
Determination 
Rietveld 
Refinement 
Final Structure 
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position of each diffraction peak. As the location of the peaks only relies on the 
crystal system and the size of the unit cell under the radiation of a constant 
wavelength light source, hence the peak positions can be used to determine the 
possible crystal system and the unit cell parameters by inputting them into an indexing 
program. Crysfire
120
 was employed in this project for indexing. It integrates a set of 
different indexing programs in its suite, and the programs of Taup
121
, Dicvol
122
 and 
Treor
123
 are those most frequently used in this project, which are well suited for 
searching the high symmetry crystal systems from cubic down to orthorhombic
120
. By 
using these programs to analyze the pattern, the result is usually generated as a 
combination of different possible solutions. Hence Chekcell
124
 was employed for the 
unit cell parameters and space group assignments by comparing the fit of the peak 
positions calculated from the indexed cell with the observed ones. The most probable 
solution was further examined by Le Bail
125
 (whole pattern structure less) fitting in 
GSAS
126, 127
 to refine the cell parameters and obtain good experimental parameters 
such as background and profile parameters before fitting the structure.  
 
2.3.2 Initial Structural Model Determination 
 
Once the unit cell has been determined and the associated space group has been 
selected, there follows a critical step to determine an accurate initial structural model 
for the further analysis. The structural model can be adopted from a previously solved 
single crystal structure of a related material. If a comparable single crystal structure 
model is available for a structure determination, sufficient structure information can 
be easily obtained in the following structure determination. If a similar structural 
model cannot be easily found, then an alternative method could be used. These 
structure solution methods can be divided into two broad categories: those based on 
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real-space methods and those based on reciprocal-space methods. For the first ones, 
the structure model is attempted to be geometrically constructed based on the 
chemical information, possible connectivity, typical bond lengths and bond angles as 
well as analogies with closely related compounds, then test against the experimental 
diffraction data to examine various ways of structural packing and differences in 
conformations of model until a general model is found with physical, chemical and 
crystallographic sense. The second group of methods uses an experimental array of 
the diffraction data, which is the absolute value of structure amplitudes to provide 
initial clues about the construction of the crystal structure, exploit these relationships 
and attempt to determine the phases directly. Two very widely used reciprocal space 
methods are Patterson method and direct method. As these real-space methods and 
reciprocal-space methods takes advantage of prior chemical knowledge, sometimes a 
very accurate structure model could be built. However, powered by the modern 
computing technique, large amount of chemically reasonable structural models can be 
generated occasionally for certain cases, hence finding the best one could be very time 
consuming and uncomfortable
114, 128
. In this project, the structural model used for 
K
+
-BIRM-1 to determine the exchanged structure was directly adopted from the 
single crystal structure of BIRM-1. For Co
2+
-BIRM-1, a previously unfinished single 
crystal structure of Co
2+
-BIRM-1 was employed as a starting structural model for the 
following structure determination. 
 
2.3.3 Rietveld Refinement 
 
Rietveld refinement was frequently employed for detailed structural analysis. This 
method was named after a Dutch crystallographer Hugo M. Rietveld. A fundamental 
keystone of the method is that a very accurate diffraction pattern can be calculated 
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with sufficient necessary information. By information we mean a very precise 
structural model built from the unit cell parameters, atomic fractional coordinates, 
atomic occupancies, thermal oscillations as well as certain experimental parameters 
such as diffractometer constants, pattern background shape and peak profiles. These 
parameters can then be very carefully refined in a logical sequence with a nonlinear 
least-squares method to achieve agreement between all the data points from the 
observed and the calculated diffraction patterns. The aim of a Rietveld refinement is 
to determine a very accurate structure model for the actual phase present in the 
diffraction pattern by minimizing the difference between the observed and calculated 
pattern (Equation 2.5
129
). 
 
𝑆𝑦 = ∑ 𝑤𝑖(𝑦𝑖 − 𝑦𝑐𝑖)
2
𝑖      (Equation 2.5) 
where: 
Sy is the residual need to be minimized, 
wi is weighting factor which is equal to 1/yi, 
yi is the observed intensity at the ith step, and 
yci is the calculated intensity at the ith step. 
 
The calculated intensity of a Bragg peak Ihkl can then be illustrated in the 
form of Equation 2.6
114
: 
 
𝐼ℎ𝑘𝑙 = 𝐾𝑚ℎ𝑘𝑙𝐿𝑃𝐴𝑇ℎ𝑘𝑙𝐸ℎ𝑘𝑙|𝐹ℎ𝑘𝑙|
2     (Equation 2.6) 
where: 
K is the scale factor, it is a proportionality constant to normalize experimentally 
observed integrated intensities with absolute calculated intensities, 
mhkl is the multiplicity of the Bragg reflection, 
L is the Lorentz multiplier, 
P is the polarization correction factor, 
A is the absorption multiplier, 
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Thkl is the preferred orientation factor,  
Ehkl is the extinction multiplier, and  
Fhkl is the structure factor, which describes how atomic arrangement including the 
atom type, coordinates and distribution influences the intensity of the scattered beam. 
 
As the structure factor contains the information the atomic positions, it is a 
very important factor. The Fhkl can be given by Equation 2.7
114
: 
 
𝐹ℎ𝑘𝑙 = ∑ 𝑓𝑗𝑔𝑗𝑡𝑗exp⁡[2𝜋𝒊(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)]𝑗    (Equation 2.7) 
where: 
fj is the atomic scattering factor of the jth atom, 
gj is the occupancy of the jth atomic site, gj = 1 for a fully occupied site, 
tj is the temperature factor, which describes thermal motions of the jth atom, 
i = √−1, and 
xj, yj, and zj are the fractional coordinates of the jth atom. 
 
The quality of the refinement can mostly be described with a number of 
statistical measures, such as the profile reliability factor (Rp) and weighted profile 
factor (Rwp) expressed as percentages (Equation 2.5 and 2.6). The minimum 
achievable value with the refinement experimental parameters in Rietveld analysis is 
also of interest and can be written as Rexp (Equation 2.7)
129
. 
 
𝑅𝑝 =
∑|𝐼𝑖(𝑜𝑏𝑠)−𝐼𝑖(𝑐𝑎𝑙)|
∑ 𝐼𝑖(𝑜𝑏𝑠)
× 100%     (Equation 2.5) 
𝑅𝑤𝑝 = {
∑𝑤𝑖[𝐼𝑖(𝑜𝑏𝑠)−𝐼𝑖(𝑐𝑎𝑙)]
2
∑𝑤𝑖[𝐼𝑖(𝑜𝑏𝑠)]
2
}
1
2
× 100%    (Equation 2.6) 
𝑅𝑒𝑥𝑝 = {
𝑛−𝑝−𝑐
∑𝑤𝑖[𝐼𝑖(𝑜𝑏𝑠)]
2
}
1
2
× 100%    (Equation 2.7) 
where: 
Ii(obs) and Ii(cal)are the observed and calculated diffraction intensities at point i, 
54 
 
wi is the weighting factor assigned to the point i, 
n is the number of the points measured from the diffraction pattern, 
p is the number of the refinement parameters, and 
c is the number of the constraints used in the refinement. 
 
Combining the Rwp and Rexp factors together will get the factor for the 
goodness of the fit (χ2, Equation 2.8). When the model is poor, the χ2 starts out large 
and decreases as the model alters to achieve better agreement with the data during the 
refinement process. 
 
𝜒2 = (
𝑅𝑤𝑝
𝑅𝑒𝑥𝑝
)
2
      (Equation 2.8) 
 
2.3.3.1 Difference Fourier Map 
 
In certain cases, the structural model does not perfectly include all the electron density 
measured by the diffraction experiment, such as solvent molecules inside many 
porous materials, and in this project, it would be the exchanged metal cations 
introduced to the parent materials by post synthetic modification. The missing 
electron density distribution can be further analyzed by using difference Fourier 
mapping. 
 
𝜌𝑥𝑦𝑧 =
1
𝑉
∑ (𝐹𝑜𝑏𝑠 − 𝐹𝑐𝑎𝑙)ℎ𝑘𝑙 cos[2𝜋(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧) − 𝛼ℎ𝑘𝑙]  (Equation 2.9) 
where: 
ρ is the electron density distribution, 
V is the volume of the unit cell, 
F is the structure factor,  
x, y and z are the position parameters, and 
αhkl is the phase angle of the reflection (hkl). 
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The resulting electron density ρ can be determined with Equation 2.9 and will 
correspond to atoms missing in the calculated model structure. Chemically sensible 
positions with higher scattering intensity produced from the difference Fourier map 
may therefore be added as missing atom positions in the structural model for further 
refinement, minimizing the difference between observed and calculated patterns. 
 
In this project, all the Rietveld refinements were carried out with the GSAS
126, 
127
 suite of programs. The crystal structure of BIRM-1 was refined against powder 
XRD data using the single crystal structure as starting model, to confirm the phase 
purity. For the structures of the potassium and cobalt ion-exchanged products, they 
were refined using the single crystal structure of BIRM-1 and Co
2+
-BIRM-1 
respectively as starting models to obtain structural information and to evaluate the 
locations of the exchanged metal ions with the assistance of difference Fourier maps. 
 
2.4  Phase Identification by Powder X-ray Diffraction 
Other than the structural analysis based on Rietveld refinement, powder X-ray 
diffraction patterns were also used to identify phases by searching the standard 
patterns (peak positions) provided from the international center for diffraction data 
(ICDD) structure databases
130
 for comparison with the measured XRD data via the 
Bruker DIFFRAC
plus
 EVA program. All the phases of the TGA solid residues after 
heating were identified by this method. 
 
2.4.1 Quantitative Phase Analysis114 
 
Quantitative phase analysis was carried out to determine the concentrations of various 
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phases present in the solid residual TGA product after the identification of each phase 
had been established. All quantitative analysis requires accurate determination of the 
diffraction pattern for both the peak positions and intensities, and the phase fractions 
are then estimated through Rietveld analysis relying on the relationship (Equation 
2.10): 
 
𝑊𝑖 =
𝑆𝑖(𝑍𝑀𝑉)𝑖
∑ 𝑆𝑗(𝑍𝑀𝑉)𝑗
𝑛
𝑗=1
      (Equation 2.10) 
where: 
  W is the relative weight fraction of phase i in a mixture of n phases, 
  S is the Rietveld analysis scale factor, 
  Z is the number of the formula units in the unit cell, 
  M is the molecular mass of the formula unit, and 
  V is the unit cell volume. 
 
Quantitative phase analysis by the Rietveld method is one of the fastest and 
most convenient tools in quantifying phase fractions. Any factor which could affect 
the peak intensities of each phase, such as preferred orientation, fluorescence or 
extinction can cause errors in the phase content determination. Hence the results 
provided from this method are highly dependent on the experimental parameters, and 
are usually considered as a semi-quantitative determination of the weight fraction of 
constituents. 
 
2.5  Scanning Electron Microscopy 
Scanning electron microscopy (SEM) is a widely used surface analytical technique for 
investigating the morphology. It is an electron microscope that images a sample by 
scanning it with a finely focused electron beam. The incident electron bean is 
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generated from a thermal emission source such as tungsten filament, the energy of 
which is usually higher than 10 keV depending on the evaluation objectives. Then the 
electrons are focused by a series of condenser lenses and scanned on to the sample 
surface by the direction of scanning coils. 
 
When the electron beam is positioned onto the surface and interacts with the 
materials, many signals are generated from the sample, such as secondary electrons 
and X-rays. The secondary electrons are generated from collisions between the 
incident electrons and surface atoms where substantial energy loss occurs or by the 
ejection of loosely bound electrons. Such electrons typically have a very low energy 
(<50 eV), and therefore can only escape from a very thin surface layer of the sample, 
as a result, providing information on the surface appearance. When these released 
electrons are detected from every position in the scanned area by an electron detector 
and converted into electrical signals, an SEM image will be rendered with a large 
depth of field, and high resolution and magnification. 
 
2.6  Energy-dispersive X-ray Spectroscopy 
Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique used for the 
elemental analysis which usually accompanies SEM. It depends on the analysis of 
X-ray excitation from the sample. When an incident electron beam generated from 
SEM drives deeper into the sample, these high energy electrons irradiate the sample 
atoms causing the removal of core electrons. Other electrons in higher energy levels 
can then relax to fill the hole, releasing X-ray radiation which is detected by the 
spectrometer (Figure 2.9). The energy emitted is related to the energy gap between 
two energy levels of the atoms in the sample. As every element has a different 
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electronic configuration, this technique can be used for elemental analysis. 
 
Morphology and stoichiometry in this project were studied with a Jeol JSM 
6060 scanning electron microscope equipped with energy dispersive X-ray analysis to 
confirm the presence of exchanged metal ions and roughly estimate the degree of ion 
exchange. Each sample was applied to an adhesive carbon film on the sample holder 
and coated with carbon before examination. 
 
        
Fig. 2.9 Interactions between the electron beam and sample atom. 
 
2.7  Fourier Transform Infrared Spectroscopy 
Infrared spectroscopy is a widely used analytical technique to determine the presence 
of a wide variety of functional groups in a molecule. Infrared refers to a part of the 
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electromagnetic spectrum between the visible and microwave regions. When a 
material is irradiated with infrared radiation, atoms and molecules can absorb 
electromagnetic radiation, but only at certain energies (wavelengths). This energy is 
related to the molecular bonds that vibrate at various frequencies which correspond to 
the ground state and several excited states. If the energy of the incident photon is 
exactly equal to that of the energy gap between vibrational states, the photon can be 
absorbed to excite molecules from the ground vibrational state into a higher 
vibrational state. The infrared spectrum is thus generated from the transitions between 
vibrational energy states. The energy corresponding to these transitions between a 
vibrational ground state and the first excited state is generally 1–10 kcal/mol (E) 
which corresponds to the mid-infrared portion (wavenumber = 400 cm
−1
 to 4000 cm
−1
) 
of the electromagnetic spectrum (Equation 2.11) and these are the most frequently 
observed transitions. 
 
𝐸 =
ℎ𝑐
𝜆
       (Equation 2.11) 
where: 
h is Planck’s constant, and 
c is the speed of the light. 
 
In order for the photon to transfer its energy to excite the molecules to a higher 
vibrational state, this vibration must result an alteration in the dipole moment of the 
molecule (Figure 2.10). In a Fourier Transform Infrared (FTIR) spectrometer, all 
optical frequencies of the infrared source are observed simultaneously over a period 
of scan time. Then the detector measures the intensity of transmitted radiation as a 
function of its wavelength, analyzed by a computer using Fourier transforms to obtain 
a constituent infrared spectrum.  
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Fig. 2.10 Four fundamental vibrations for CO2; the symmetric stretch of CO2 (upper left) is 
inactive in the IR spectrum owing to no alteration in the dipole moment. 
 
FTIR measurements carried out in this project were recorded on a Perkin 
Elmer Spectrum 100 FTIR spectrometer with universal ATR sampling accessory from 
the wavenumber 500 cm
−1
 to 4000 cm
−1
. This allows an in-depth characterization of 
the rehydration and dehydration of products. 
 
2.8  Flame Photometry 
Flame photometry is an atomic emission method to detect of trace amounts of metal 
salts. Sample solution is transferred into a flame through an aspirator. The solvent is 
evaporated by this hot flame and the metal was atomized consequently, and then 
valence electrons are excited to higher energy levels by absorbing energy from the 
flame. As excited electrons return to the ground state, radiation is emitted as a 
characteristic atomic line spectrum. Optical filters are then used to select the emission 
wavelength of the examined metal. Comparing the emission intensities of unknown 
concentration solutions to those of standard solutions, the metal ion concentration in 
the target solution can be quantitative analyzed. The intensity of the emitted light can 
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be described by the Scheibe-Lomakin equation (Equation 2.12): 
 
𝐼 = 𝑘 · 𝑐𝑛       (Equation 2.12) 
where: 
c is the concentration of the metal ion, 
k is the constant of proportionality, and  
n = 1, at the linear part of the calibration curve. 
 
The emitted intensity of the investigated metal ion is directly relative to the 
concentration of the sample. However, due to the nature of this technique, errors may 
be easily introduced during the preparation of the standard solutions and in the use of 
the calibration curve. Thus it is not a very precise method to measure the 
concentration of metal ions. In this project, flame photometry was performed on a 
Model 400 Flame Photometer developed by Corning to investigate the concentration 
of lithium and sodium ions in the exchanged products. Low concentration lithium 
standard solutions of 1, 2, 5, 8, 10ppm and sodium standard solutions of 1, 1.5, 2, 2.5 
and 3 ppm were directly prepared by diluting aliquots of the standard solutions 
ordered from Acros Organics (1mg/ml) with deionised water to maintain the linearity 
of the standard curve.  
 
2.9  Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) is a kind of material characterization procedure 
performed on samples to precisely determine mass change in relation to a temperature 
programme in a controlled atmosphere such as N2, O2, H2, Ar, air or vacuum. This 
allows monitoring of the decomposition kinetics and thermal stability of materials. 
Differential thermal analysis (DTA) is usually coupled with TGA in common thermal 
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analysis. When the sample experiences a structural phase transformation, it will either 
absorb (endothermic) or release (exothermic) heat. This thermal difference between 
the reactive sample and the inert reference crucible is then recorded as a function of 
time or temperature. Simultaneous TGA with DTA will measure both heat and weight 
changes in one examination and provide useful information about endothermic and 
exothermic events with either no associated weight loss such as melting, phase 
changes or degradation of the structure involving a weight loss. 
 
2.10  Mass Spectrometry 
Thermogravimetric analysis can be used with mass spectrometry (MS) to determine 
the gas generated during the heating process and further assign specific gaseous 
species. A mass spectrometry experiment basically consists of four main processes: 
ionization, acceleration, separation and detection. Charged ions can be deflected when 
moving in magnetic fields, thus atoms/gaseous molecules are first turned into ions. 
The method used in this project is electron ionization (EI). An electron beam is 
employed to knock electrons from the sample particles to create charged cations. Then 
these cations are accelerated to a finely focused beam with the same kinetic energy 
and directed into an electromagnetic field generated by a quadrupole mass analyzer. 
The motion of cations will depend on the electromagnetic fields, thus only ions with a 
particular mass to charge ratio (m/z) will have a stable trajectory through a specific 
field and further pass to the detector. Other ions with different m/z values will have 
unstable routes and collide with the quadrupole walls and therefore will not be 
detected. When a flow of such cations hits the surface of the detector, the electrons are 
picked up and thus a current is generated, further amplified and recorded. The cations 
after contacting the detector are neutralized and then removed from the system by a 
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vacuum pump. By varying the magnetic field, ions with different m/z values can be 
detected and constitute a mass spectrum. 
 
Thermogravimetric analysis and differential thermal analysis in this project 
were carried out from 30°C to 900°C under an oxygen atmosphere at a heating rate of 
5°C/min using a Netzsch STA 449 F1Jupiter thermogravimetric analyzer with mass 
spectrometric detection (Netzsch QMS 403C Aëolos).  
 
2.11  Hydrogen Uptake Measurement 
The investigation of hydrogen adsorption properties was performed on an intelligent 
gravimetric analyzer (IGA). This method integrates a precise computer control with 
the measurement of weight change, after a step change in the system pressure and 
temperature. Hence the weight change isotherm will rely on the pressure step size and 
the temperature and subsequently gives insight into the dynamics of the 
absorption/desorption process. 
 
Hydrogen adsorption capacities in this project were determined on a Hiden 
constant pressure thermogravimetric analyzer, which is known as an IGA-001. 
Samples examined on the IGA were all inertly loaded to minimize the exposure to 
atmosphere. Around 200 mg of sample was loaded into a glass sample bulb and 
degassed. After that the sample was cooled to 77 K. Pressure–composition isotherms 
were then determined from 0 to 20 bar. The purity of the hydrogen source was 
99.995%, and a liquid nitrogen trap was used on the hydrogen gas inlet stream. The 
sample, microbalance as well as counterweights all share the same experimental 
environment which helps to correct and reduce the effects of buoyancy on the 
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observed sample mass. After examinations were completed, the sample was inertly 
unloaded by flushing for 1 hour with Argon, allowing further investigation by XRD. 
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Chapter 3 
Synthesis and Characterization of a New 
Zinc Phosphonate Framework Material 
BIRM-1 
 
 
3.1  Introduction 
When this research was started, a synthesis route had been developed for the 
formation of metal phosphonates which uses urea to control the pH, as during heating 
the urea decomposes in aqueous solution to form ammonium carbonate (Equation 3.1). 
The rate of the urea hydrolysis is controlled by the temperature, which in turn controls 
the pH of the solution and the crystallization process.  
 
 
 
Base on this strategy, a few novel zinc phosphonates with different pore sizes 
and framework topologies had already been successfully isolated. However the one 
with the largest three dimensional pore structure (BIRM-1) was synthesized 
serendipitously (Figure 3.1). This product contains ammonium cations within the 
pores, which may give the material the ability to undergo ion exchange and enable the 
fine-tuning of its functionality. Hence initially investigation was into the development 
(Equation 3.1) 
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of synthesis conditions under which BIRM-1 could be reliably prepared as a single 
phase. In this chapter, the strategies for the synthesis of BIRM-1 were explored, and 
the characterizations of its structure and properties were investigated. 
 
 
 
Fig. 3.1 Polyhedral view along the z-axis of the zinc phosphonate with the largest three 
dimensional porous structure obtained from previous research; hydrogen atoms and internal 
solvent molecules have been omitted for clarity; colour scheme: ZnO4 – turquoise tetrahedra, 
CPO3 – purple tetrahedra, O – red and C – light grey. 
 
3.2  Experimental  
Unless otherwise specified, all the chemicals used were of reagent quality obtained 
directly from Sigma Aldrich and used without further purification.  
3.2.1 Synthesis of Zn(O3PCH2CH2COOH)·H2O 
 
Zn(O3PCH2CH2COOH)·H2O is the first product discovered during the investigation 
for the synthesis of BIRM-1. It can be synthesized under hydrothermal conditions. 
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1.68 g zinc nitrate hexahydrate was dissolved in 11.25 ml of deionized H2O. To this 
solution, 1.13 g 2-carboxyethylphosphonate acid, 1.54 g tetraethylammonium 
bromide and 1.76 g urea were added to give a clear solution after stirring for 30 
minutes. Then the resulting mixture was placed in a Parr Teflon-lined stainless steel 
autoclave, which has a capacity of 23 ml. The reaction mixture was heated under 
autogeneous pressure at 85°C for a period of 24 hours, after which it was removed 
and allowed to cool in the air. The layered product was then washed with water 
recovered by filtration. 
 
3.2.2 Synthesis of BIRM-1 
 
BIRM-1 was initially prepared hydrothermally in a Teflon-lined stainless steel 
autoclave with a fill capacity of 23 ml. 1.68 g zinc nitrate hexahydrate was dissolved 
in 11.25 ml deionized H2O. The solution was stirred till the zinc nitrate was fully 
dissolved, after which 1.13 g 2-carboxyethylphosphonate acid and 1.76 g urea were 
added. Then 1.54 g tetraethylammonium bromide was added to the solution (Table 3.1, 
Method I). After 30 minutes stirring, the resulting mixture was transferred to a 
Teflon-lined autoclave. Then the autoclave was placed in a 110°C oven for 24 hours. 
The product was recovered by filtration, washed with distilled water, and allowed to 
dry in the air to yield a white crystalline product. After further research during this 
project, the molar ratios of the starting chemicals for synthesis of BIRM-1 were 
optimized (Table 3.1 Method II and Method III) in order to yield crystals with better 
morphology, but the reaction conditions and the methods remained the same. 
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Table 3.1 Chemicals used to synthesize BIRM-1. 
 Molar Ratio 
 Method I Method II Method III 
Zinc Nitrate 1 1 1 
CEPA
†
 1.3 1.75 1.75 
TEAB
‡
 1.3 1.3 1.3 
Urea 5.2 5.2 9 
H2O 112 112 112 
† 
2-carboxyethylphosphonic acid, 
‡ 
tetraethylammonium bromide 
 
3.2.3 Synthesis of (NH4)[Zn(O3PCH2CH2COO)] 
 
The preparation of (NH4)[Zn(O3PCH2CH2COO)] was very similar to the synthesis of 
BIRM-1 (Table 3.1 Method I and Method III), if the reaction was extended from 24 
hours to 5 days or longer, white bulk crystals were formed on the bottom of the 
autoclave. The product was then recovered by filtration and washed with distilled 
water. 
 
3.3  Synthesis Optimization 
3.3.1 Synthesis of Zn(O3PCH2CH2COOH)·H2O 
 
Previously attempts for the synthesis of BIRM-1 were carried out by heating a 
mixture of zinc nitrate, 2-carboxyethylphosphonic acid, tetrabutylammonium bromide 
and urea in an oil bath at 85°C. With this method it was found very difficult to 
maintain the reaction temperature accurately and proved difficult to synthesize a pure 
phase; correspondingly the reproducibility was not satisfactory. Therefore the 
experimental method was amended to use a Teflon-lined autoclave, which was heated 
in an oven. With the same chemical mixture, an unexpected layered product was 
isolated after heating at 85°C for 24 hours (Figure 3.2). This product was identified as 
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a previously known layered zinc carboxyethylphosphonate hydrate with the molecular 
formula Zn(O3PCH2CH2COOH)·H2O (Table 3.2), whose structure had been 
previously solved by single crystal XRD (Figure 3.3).  
 
Fig. 3.2 Powder XRD pattern of the layered zinc phosphonate Zn(O3PCH2CH2COOH)·H2O. 
 
 
Fig. 3.3 Polyhedral view of the structure of Zn(O3PCH2CH2COOH)·H2O showing a layered 
framework; hydrogen atoms and internal water molecules have been omitted for clarity; 
colour scheme: ZnO4 – turquoise tetrahedra, CPO3 – purple tetrahedra, O – red and C – black. 
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Table 3.2 Crystallographic data for Zn(O3PCH2CH2COOH)·H2O. 
Crystal System Orthorhombic 
Space Group P b n 21 
a (Å) 4.8021(6) 
b (Å) 24.6753(27) 
c (Å) 5.6528(6) 
Volume (Å
3
) 669.82(13) 
 
3.3.2 Synthesis of (NH4)2[Zn2(O3PCH2CH2COO)2]·5H2O 
 
From the single crystal data of Zn(O3PCH2CH2COOH)·H2O, the carboxylic acid 
groups appear to be hydrogen-bonded across the layers and there are no ammonium 
ions observed between the layers. This may have been because the short reaction time 
and the low reaction temperature did not give urea sufficient energy to hydrolyze 
properly. Thus if a phase with the ammonium ions inside that structure is to be 
synthesized, higher temperature or longer reaction time may be required. Hence in the 
following attempts, the reaction time was increased, coinciding with raising the 
reaction temperature, with the hope of obtaining the product BIRM-1 in a reasonable 
time. After a lot of attempts at temperatures between 85°C and 170°C (10°C per step), 
110°C was found to be the optimum temperature. So following the recipe mentioned 
in the Table 3.1 (method I), a suitable and reproducible method for the synthesis of the 
three dimensional BIRM-1, by using a mixture of urea and tetraethylammonium 
bromide as the reaction medium for a reaction between zinc nitrate and 
2-carboxyethylphosphonic acid, was obtained (Figure 3.4 and 3.5). 
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Fig. 3.4 SEM images for BIRM-1 crystals. 
 
 
Fig. 3.5 Powder XRD pattern of BIRM-1. 
 
3.3.3 Characterization of BIRM-1 
 
Single crystal X-ray diffraction analysis (Table 3.4 and Appendix 1 for structure 
details, selected bond lengths and angles) revealed the material to be BIRM-1 with a 
three dimensional coordination network and one ammonium cation per Zn atom, 
located in two different sites in the channels with half a cation per site labeled N(10x) 
and N(20x) (Figure 3.6 and 3.7). Each half cation is then further disordered, N(10x) 
over two positions and N(20x) over three positions. Each phosphorus atom is 
tetrahedrally bonded to three oxygen atoms and one carbon atom. The Zn atom is also 
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tetrahedrally coordinated by four oxygen atoms, one of which is from a carboxylate 
group of the (O3PC2H4CO2)
3−
 ligand and the other three from three different CPO3 
groups. The structure also contains 2.5 molecules of water per Zn atom which are 
highly disordered over several sites. The occupancies of these water oxygen atoms 
were generally small and fixed to certain value during the refinement. Due to the 
disorder it was not possible to refine the ammonium cation or water molecules 
anisotropically or locate the hydrogen atom positions belonging to these species, 
however according to their site positions, interactions with framework atoms via 
H-bonding were suggested
131
 (Table 3.3 and Figure 3.6). The whole structure is 
constructed by the connection of inorganic double chains through the organic ligand 
(O3PC2H4CO2)
3− 
(Figure 3.8). These double chains are built from ZnO4 and CPO3 
tetrahedral units.  
 
Table 3.3 Selected interatomic distances for ammonium nitrogen atoms and water oxygen 
atoms. 
Bond Distance (Å) 
N101–O5 2.9 
N102–O5 2.9 
N201–O2 2.8 
N202–O4 2.8 
N203–O2 2.9 
O301–O1 2.8 
O302–O1 2.8 
O303–O1 2.8 
O304–H3A 2.8 
O305–O1 2.8 
O306–O1 2.8 
O401–O5 2.9 
O402–O5 2.9 
O403–O5 2.7 
O501–O5 2.8 
O502–O5 2.8 
O601–O3 2.9 
O602–O3 2.9 
Note: atom distances were directly measured by Crystal Maker 
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Fig. 3.6 Single crystal structure of BIRM-1 viewed along the z-axis, illustrating the atomic positions of ammonium nitrogen atoms and water 
oxygen atoms (right). Blue dashed lines indicate one unit cell (left); hydrogen atoms have been omitted for clarity; colour scheme: Zn – 
turquoise, P – purple, N – green, O – red and C – black. 
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Fig. 3.7 Polyhedral view of the structure of (NH4)2[Zn2(O3PCH2CH2COO)2]·5H2O showing a 
three dimensional channel network with pores of ca 7.6 Å diameter projected into the page 
and smaller sinusoidal channels with diameter of 4.0 Å; channels are filled with NH4
+
 and 
H2O molecules; hydrogen atoms and internal water molecules have been omitted for clarity; 
colour scheme: ZnO4 – turquoise tetrahedra, CPO3 – purple tetrahedra, O – red, N – green and 
C – black. 
 
 
 
 
 
 
 
 
 
 
Double Chain 
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Fig. 3.8 Representation of the connection of two inorganic chains showing the arrangement 
between ZnO4 tetrahedra and CPO3 tetrahedra; hydrogen atoms and internal water molecules 
have been omitted for clarity; colour scheme: ZnO4 – turquoise tetrahedra, CPO3 – purple 
tetrahedra, O – red and C – black. 
 
 
 
 
 
 
 
 
 
 
 
ZnO4 
CPO3 
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Table 3.4 Crystallographic data for BIRM-1. 
Empirical formula  (NH4)2[Zn2(O3PCH2CH2COO)2]·5H2O 
Formula weight  558.96 
Temperature  120(2) K 
Wavelength  0.71073 Å 
Crystal system  Tetragonal 
Space group  I41/acd 
Unit cell dimensions a = 22.3019(2) Å 
 c = 17.7384(1) Å 
Volume 8822.6(11) Å
3
 
Z 16 
Density (calculated) 1.683 mg/m
3
 
Absorption coefficient 2.385 mm
−1
 
F(000) 4576 
Crystal size 0.30 × 0.06 × 0.05 mm
3
 
Theta range for data collection 2.93 to 27.51° 
Index ranges −28 ≤ h ≤ 22, −28 ≤ k ≤ 16, −22 ≤ l ≤ 23 
Reflections collected 20693 
Independent reflections 2541 [R(int) = 0.0828] 
Completeness to theta = 27.51° 99.7%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8900 and 0.5347 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 2541 / 0 / 159 
Goodness of fit on F2 1.099 
Final R indices [I>2sigma(I)] R1 = 0.0718, wR2 = 0.1649 
R indices (all data) R1 = 0.1110, wR2 = 0.1889 
Largest diff. peak and hole 0.780 and −0.587 e/Å
3
 
 
 
 
Rietveld refinement of the crystal structure against lab powder X-ray 
diffraction data confirmed the structure and verified the as-made sample contained 
only one crystalline phase (Figure 3.9). 
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Fig. 3.9 Final observed (crosses), calculated (solid line), difference (below) and reflection 
positions (middle), for the final Rietveld refinement against powder XRD data for BIRM-1, χ2 
= 4.56, Rwp = 3.42%, Rp = 2.41%. 
 
The thermal properties of BIRM-1 were then examined by TGA with mass 
spectrometry. Before the temperature reached 100
°
C, a small amount of physisorbed 
water was left in the system (Figure 3.10), which began to desorb as soon as heating 
was initiated. In the range 100
°
C to 150
°
C, a total weight loss of about 13.5% was 
observed. As elimination of the entire coordinated water will result in a 16.1% of 
weight loss, this weight change can be attributed to the partial removal of the 
coordinated water, accompanied by the release of a small amount of NH3 (Figure 
3.11). Above this temperature, the product showed a nearly continuous mass loss 
without a clear step. At about 450
°
C, a small exothermic peak was observed, which 
may be assigned to the condensation of the hydroxyl groups in phosphonate ligands. 
The broad exothermic peaks at around 500
°
C and 520
°
C in the DTA curve mark the 
decomposition of the coordination networks and the organic ligand groups with the 
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loss of NH3, H2O and CO2 (Figure 3.10). Eventually the residue reacted further with 
O2 and released more CO2, which generated the second exothermic peak at 740
°
C. 
This transformation was complete at about 810
°
C, resulting in a grey solid after a total 
weight loss of 45.1%, which was in good agreement with the calculated value of 
45.5%. 
 
Fig. 3.10 TGA (black trace) and DTA (blue trace) of BIRM-1. 
 
Fig. 3.11 TGA (black trace) of BIRM-1, and mass analysis of m/z = 16 (red trace), m/z = 17 
(green trace), m/z = 18 (blue trace) and m/z = 44 (cyan trace). 
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The infrared spectra of similar metal phosphonates have been investigated 
(Table 3.5) and partially assigned by Hix et al.
73, 132, 133
 and Drumel et al.
77
 The FTIR 
spectrum for BIRM-1 was recorded to obtain some additional crystallochemical 
information (Figure 3.12), using these literature assignments. A very broad and 
overlapped peak was found at around 3400 cm
−1
 and 3200 cm
−1
 due to stretching 
vibrations of O–H from the coordinated water molecules. Peak arose from about 3050 
cm
−1
 was attributed to the N–H stretches from ammonium ion. The symmetric and 
asymmetric stretching vibrations of carboxyl group are evident as strong bands at 
1594 cm
−1
 and 1401 cm
−1
 respectively. This frequency is lower than one may expect 
to observe for such a group due to the carboxylate group is coordinated to zinc atom. 
P–C stretching mode was seen at 1420 cm−1. The stretching band of the C–O group 
was observed as a sharp peak at around 1305 cm
−1
, and the P–O stretching modes 
were seen as a series of sharp bands in the region 1150–950 cm−1. 
 
Table 3.5 Observed FTIR shifts and assignments for BIRM-1. 
Infrared shift (cm
−1
) Assignment 
3400, 3200 O–H (H2O) 
3050 N–H (NH4
+
) 
1594 COO
−
 (sym) 
1305 C–O 
1401 COO
−
 (asym) 
1420 P–C 
1150–950 P–O 
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Fig. 3.12 FTIR spectrum for BIRM-1. 
 
3.4  Optimizations of the Synthesis of BIRM-1 
As the research continued, larger crystals were needed for further applications, but the 
crystals yield from the current recipe for this material were usually tiny, and most of 
them were not even suitable for a single crystal XRD examination. Thus the 
modifications of the synthesis were carried out based on this consideration in order to 
improve the morphology and crystal size of the product. At the beginning, lower 
temperature and longer reaction time was considered to permit the reagents to grow 
bigger crystals in relatively milder conditions. Although a lot of effort was being spent 
on different time and temperature combinations, it usually turned out that the product 
contained some other zinc phosphonate phase and crystal morphology was not 
actually improved. Thus a different approach was taken using the same amount of 
TEAB and urea, and the reaction conditions as described in the Table 3.1 (Method I), 
but varying the metal to ligand (zinc nitrate to CEPA) ratio from 1:0.5 to 1:2.0. The 
ligand plays a dual role, initially promoting the formation of a cross-linked structure 
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and subsequently affecting the pH during the reaction. Reactions with a molar ratio 
close to 1: 1.75 (Table 3.1, method II) were found to yield very long and shiny white 
crystals. This reaction was much more reproducible in giving a pure phase most of the 
time, but a tiny amount of other mixed zinc phosphonate phase(s) are found in the 
powder XRD patterns occasionally. Sometimes an unexpected phase (Figure 3.13) can 
be obtained as well. 
 
Fig. 3.13 Powder XRD pattern of (NH4)[Zn(O3PCH2CH2COO)]. 
 
The structure of this most frequently occurring product had previously been 
solved by our group with the molecular formula (NH4)[Zn(O3PCH2CH2COO)] (Table 
3.6 and Figure 3.14). It turned out this phase is derived from the structure of BIRM-1 
with collapsed pores running through the structure, which were filled with ammonium 
ions. Thus this is not perfect for the synthesis of large BIRM-1 crystals. It probably 
just stands around the critical point for the synthesis of both BIRM-1 and this phase. 
Any tiny influence during the reaction such as the homogeneity of the starting mixture 
or the tightness of the seal in the autoclaves etc. could change the reaction balance to 
yield the other phase. 
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Table 3.6 Crystallographic data for (NH4)[Zn(O3PCH2CH2COO)]. 
Crystal System Monoclinic 
Space Group P 21/c 
a (Å) 5.1807(2) 
b (Å) 14.0010(7) 
c (Å) 9.6965(4) 
Β (°) 91.13(3) 
Volume (Å
3
) 703.2(7) 
 
 
Fig. 3.14 Polyhedral view of the structure of (NH4)[Zn(O3PCH2CH2COO)] showing a three 
dimensional network, channels are filled with NH4
+
 molecules; hydrogen atoms have been omitted 
for clarity; colour scheme: ZnO4 – turquoise tetrahedra, CPO3 – purple tetrahedra, O – red, N – 
green and C – black. 
 
Based on the above investigation, the reaction conditions were thought to take 
a step forward to produce BIRM-1 with a larger crystal size. In the following attempts, 
we opted to study the easier of the variable first to optimize the synthesis method 
which was aware of the pH consequence the crystallization during the reaction. Hence, 
the molar ratio between zinc and CEAB was set the same at 1:1.75 and the zinc to 
urea ratio was modified from 1:1 to 1:15 to see if the hydrolysis of different amount 
of urea could control the pH and affect the morphology of the structure to achieve the 
BIRM-1 product. It was found that with a zinc to urea ratio of 1:9 (Table 3.1 method 
III), large shiny needle-shaped white crystals were produced after heating at 110°C for 
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24 hours. The powder XRD patterns were indistinguishable from that of previously 
synthesized BIRM-1 and gave a good indication of the phase purity, but the 
morphology and reproducibility were much improved. 
 
3.5  Synthesis of (NH4)[Zn(O3PCH2CH2COO)] 
If the crystallization inside the autoclave was allowed to progress further to 
approximately 5 days or longer, another dense isomer phase of the previously 
mentioned product (NH4)[Zn(O3PCH2CH2COO)] could be obtained (Figure 3.15). 
The structure of this novel zinc phosphonate was solved from single crystal XRD by 
Dr. Louise Male. It has a three dimensional framework with ammonium ions located 
inside the channels; the crystallographic data (Table 3.7) and polyhedral view (Figure 
3.16) of the structure are listed below. 
 
 
Fig. 3.15 Powder XRD pattern of (NH4)[Zn(O3PCH2CH2COO)]. 
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Table 3.7 Crystallographic data for (NH4)[Zn(O3PCH2CH2COO)]. 
Crystal System Monoclinic 
Space Group P 21/c 
a (Å) 8.9458(1) 
b (Å) 8.5427(1) 
c (Å) 9.7352(1) 
β (°) 96.3234(5) 
Volume (Å
3
) 739.451(14) 
 
 
 
 
Fig. 3.16 Polyhedral view of the structure of (NH4)[Zn(O3PCH2CH2COO)] showing a three 
dimensional network, channels are filled with NH4
+
 molecules; hydrogen atoms have been 
omitted for clarity; colour scheme: ZnO4 – turquoise tetrahedra, CPO3 – purple tetrahedra, O 
– red, N – green and C – black. 
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3.6  Discussion 
Under hydrothermal conditions, four zinc carboxyethylphosphonates with different 
pore sizes and topologies have been formed from the same reagents but varying the 
reaction temperature and the amount of one or some reagent(s) during this research. 
At 85°C, a layered phase was synthesized, which indicated that the energy is not 
enough to yield a porous structure with ammonium ions inside. When the temperature 
was raised to 110°C, the novel MOF material BIRM-1 with a large three dimensional 
pore structure was synthesized, however, the crystal size was not good enough for 
some further analyses such as single crystal XRD, SEM and EDX examinations. By 
adding more organic ligands to introduce more chance to form a cross-linked structure, 
BIRM-1 with bigger crystals could be achieved, but the recipe was still not reliable 
enough. A different phase with a collapsed porous structure appeared sporadically. 
Then by adjusting the amount of urea, hence affecting the pH accordingly, BIRM-1 
with larger crystals were finally synthesized after 24 hours. If the reaction was 
extended to five days or longer, a very stable and dense phase was the product.  
 
Clearly there is a relatively complicated phase diagram, which describes the 
necessary condition ranges for the synthesis of a particular phase depending on many 
possible factors such as reaction temperature, reaction time, pressure inside the 
autoclave, pH concentration according the reaction time or the starting mixture, the 
cleanliness and smoothness of the Teflon-lined internal layer and the seal–tightness of 
the autoclave. This behaviour is akin to zeolite synthesis and illustrates that in the 
formation of zinc phosphonate, different phases are metastable converting over time 
or other condition(s) to form a more stable and dense phase. The surviving or 
predominant phase would be the one which is best suited under current conditions. 
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The expected sequence in this whole synthesis process, prior to beginning the 
experiments, was that the layered porous materials would be made first, then the large 
pore structure with ammonium cations located inside would be synthesized after this, 
and this would collapse later to produce the smaller pore phase and finally break 
down to give the most dense phase (Figure 3.17). Probably some other phases or 
intermediate products also need to be added into this sequence to demonstrate the 
process in its entirety, but only these four phases were successfully isolated in this 
research. 
 
 
Fig. 3.17 Expected reaction sequence for the zinc carboxyethylphosphonate synthesis; 
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hydrogen atoms have been omitted for clarity; colour scheme: ZnO4 – turquoise tetrahedra, 
CPO3 – purple tetrahedra, O – red, N – green and C – black. 
 
3.7  Conclusion 
 
By using a mixture of urea (pH controller) and tetraethylammonium bromide 
(mineralizer) as the reaction medium for a reaction between zinc nitrate and 
2-carboxyethylphosphonic acid under hydrothermal conditions, four zinc 
carboxyethylphosphonates have been synthesized. These phases can all be prepared 
from the same synthesis mixture by minor adjustments to the temperature or reaction 
time. Among these four, only BIRM-1 has a large three dimensional porous structure 
providing potential access to a high internal surface area. In common with many other 
MOFs and/or metal phosphonates, this material is prepared under hydrothermal 
conditions, but unlike most others, it has the advantage of containing ammonium 
cations within the pores, derived from the hydrolysed urea, which are present to 
balance the charge of the deprotonated carboxylic acid groups, and have the potential 
to undergo ion exchange. The ability to undergo ion exchange is of interest in its own 
right, but also enables fine tuning of the properties of the material. In zeolites the 
hydrogen sorption properties have been successfully improved by varying the 
exchangeable cations
84, 134, 135
. So in the following chapters, ion exchange experiments 
on BIRM-1 with different metal cations will be reported with a view to produce a 
functional porous MOF material. 
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Chapter 4 
Ion Exchange Studies with Alkali Metal 
Cations: Lithium (I), Sodium (I) and 
Potassium (I) 
 
 
4.1  Introduction 
Many applications of existing porous framework materials such as zeolites and metal 
organic frameworks, including important ones relating to the environment and energy, 
either depend upon, or are considerably enhanced by, the ability to undergo 
post-synthetic modification by ion exchange. This crucial property both facilitates the 
removal and trapping
136
 of harmful (toxic, radioactive) ions, and the fine-tuning of 
properties such as catalysis
137
, gas adsorption, separation and storage (water, 
hydrogen, carbon dioxide)
13, 18, 138-140
, and ionic conductivity
141, 142
. Unfortunately to 
date, although several hundred different metal-organic frameworks have been 
discovered and the properties as well as possible applications have been widely 
studied
19
, the number of MOFs known to undergo ion exchange remains a tiny subset 
of the total
1-3, 84
. However for BIRM-1, the structure framework itself is negatively 
charged and this charge is balanced by the weakly bound ammonium cations inside 
the channels of BIRM-1. If an ionic solution is brought into contact with BIRM-1, it 
is possible that the cations from the solution will be diffused into the structure and 
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interchange with equivalent quantity of ammonium cations. Therefore the electrical 
neutrality of BIRM-1 structure should be maintained throughout this exchange. In this 
chapter, ion exchange properties with potassium, lithium and sodium cations were 
investigated in detail with a view to producing functional porous MOF materials. The 
powder XRD patterns of the potassium and lithium cation exchanged products were 
similar to that of BIRM-1 suggesting the structure remained intact and reasonably 
similar to the parent material, which should help with structural characterization. 
 
4.2  Experimental 
4.2.1 Ion Exchange Optimization with Li+, Na+ and K+ 
 
Ion exchange experiments on BIRM-1 were attempted by two different approaches in 
this project. In initial experiments, 1×10
-3
moles of BIRM-1 powder were mixed with 
50 ml of 0.2 M lithium, sodium or potassium acetate solution. After stirring for 30 
minutes, the resulting suspension was placed in a round bottom flask and slowly 
stirred for 24 hours at ambient temperature. The product was then separated by 
filtration and washed sequentially with deionized water several times to remove 
excess salt, and dried in air. Subsequently, ion exchange experiments on unground 
BIRM-1 crystals were carried out by almost the same procedure. After the suspension 
was stirred for 30 minutes, 0.1 M HCl solution was added dropwise into the solvent to 
adjust the pH to about 5.5. Then the reaction was sealed by a ground glass stopper and 
very slowly stirred for 24 hours at ambient temperature and the solvents were washed 
with deionized water and filtered off to give the exchanged product. When ion 
exchange experiments were carried out with the bigger crystals obtained from the 
optimized synthesis method (Table 3.1 Method III in Chapter 3), bigger size 
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exchanged crystals could be achieved. 
 
Initial ion exchange attempts in this project were unsuccessful. Products were 
always crushed to small pieces and the structure changed to amorphous after the 
experiment. Eventually after many attempts at improving and optimizing the ion 
exchange conditions, the pH value of the mixture was found to play a key role in the 
ion exchange process. With this knowledge, the following ion exchange attempts were 
continued with a pH adjustment. Before performing the ion exchange experiment, the 
pH value of the ion exchange mixture was adjusted to the same value as the final 
solution in the BIRM-1 synthesis reaction which was approximately 5.5. This resulted 
in a huge improvement in the ion exchange results. As the project developed, large 
crystals were desired to facilitate further characterization. The larger BIRM-1 crystals 
obtained from the optimized synthesis route, which could yield BIRM-1 crystals with 
bigger and better morphology, were then directly used to carry out ion exchange 
experiments with different metal ions. Most of the bigger exchanged crystals 
produced at this stage were used for the SEM/EDX examinations as well as single 
crystal XRD. Single crystal XRD data were obtained using a Bruker APEXII CCD 
diffractometer at the window of a Bruker FR591 rotating anode with Mo-K (Mo-K 
= 0.71073 Å) radiation at 120 K, and the structures were analyzed by Dr. Louise 
Male
†
. 
 
 
4.3  Potassium-Exchanged BIRM-1 (K+-BIRM-1) 
Since the potassium ion has a similar hydrated radius (2.12 Å) to that of ammonium 
(2.13 Å)
143
, both of which are smaller than both the pore diameters (7.6 Å and 4.0 
                                                             
†
 Dr. Louise Male: X-ray Diffraction Facility Officer of School of Chemistry, University of Birmingham, UK.  
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Å),the first ion exchange experiments in this project were carried out with potassium 
ions. 
 
4.3.1 Laboratory Powder XRD 
 
After 24 hours ion exchange, the powder XRD pattern of the exchanged product 
(Figure 4.1) was similar to the as-synthesized material, but the relative intensities of 
certain peaks had changed significantly. 
 
Fig. 4.1 (a) Powder XRD patterns of K
+
-BIRM-1 and (b) BIRM-1. 
 
Powder XRD patterns were initially indexed with the computer program 
Crysfire
120
. The most probable assignment determined by Chekcell
124
 was for a 
tetragonal unit cell with a = 22.201(3) Å, c = 17.8576(1) Å, I41/acd (see Appendix 2.1 
for full index details). Then this unit cell was refined by Le Bail fitting
125
 in GSAS
126, 
127
 to give a final cell of a = 22.1937(2) Å, c = 17.8525(1) Å. This tetragonal cell was 
slightly different from the unit cell of BIRM-1 (Table 4.1). The modification of the 
relative intensities of some of the peaks in the pattern is a possible pointer to 
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successful ion exchange as this behaviour is often observed in ion exchange of porous 
inorganic materials such as zeolites
144,145, 146
. 
 
Table 4.1 Lattice parameters of BIRM-1 and K
+
-BIRM-1. 
 BIRM-1 K
+
-BIRM-1 
Crystal System Tetragonal Tetragonal 
Space Group I41/acd I41/acd 
a/Å 22.302(2) 22.1937(2) 
c/Å 17.738(1) 17.8525(1) 
Volume/Å
3
 8822.6(1) 8793.5(1) 
 
4.3.2 SEM and EDX  
 
The potassium-exchanged products were slightly crushed into smaller pieces after 24 
hours ion exchange (Figure 4.2). Morphology and the presence of the potassium ion in 
K
+
-BIRM-1 were studied with SEM and EDX. As the profiling depth of EDX is about 
1 μm in comparison to the unit cell dimensions of the exchanged product of around 20 
Å × 20 Å × 18 Å, if the exchanged metal cations are present in the result, this will be 
convincing evidence to show that metal cations have been exchanged into the 
structure.  
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Fig. 4.2 Selected SEM images for K
+
-BIRM-1; spots and areas marked indicate the positions 
of EDX examinations. 
 
From spot and area analysis (Table 4.2) on the smooth surface of different 
exchanged crystals, the results revealed that ion exchange was successfully achieved. 
The average molar ratios of Zn: P: K observed were 1.05: 1: 0.79. The molar ratio of 
Zn to P is very close to the theoretical value 1: 1, and the average molar ratio of K to 
Zn/P is about 0.8: 1. The degree of ion exchange is therefore estimated to be roughly 
80%. 
 
Table 4.2 Energy dispersive X-ray spectroscopy results for K
+
-BIRM-1 crystals. 
  Zn P K  
      
 
 
 
 
 
 
Spectrum 
(Atomic %) 
 16.65 16.29 13.52  
17.94 17.62 14.16  
18.01 16.97 14.67  
16.86 16.36 14.59  
16.72 17.62 13.74  
20.40 17.88 15.11  
15.79 16.30 13.07  
17.07 16.69 13.72  
15.37 16.27 13.24  
18.22 17.35 14.50  
18.36 16.97 13.69  
17.00 16.71 13.58  
21.03 18.78 14.96  
16.94 17.09 12.32  
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21.75 17.92 15.04  
13.99 14.21 8.64  
17.67 15.02 10.60  
18.08 15.19 11.13  
17.88 14.66 11.40  
16.55 15.84 10.58  
17.90 15.05 10.46  
16.45 17.12 13.21  
18.45 16.36 13.18  
16.19 16.68 13.25  
18.48 16.47 13.55  
17.48 17.16 13.87  
16.40 16.47 13.65  
  16.19 17.36 14.15  
Std. Deviation  1.60 1.42 1.58  
Mean  17.49 16.59 13.13  
Molar Ratio  1.05 1 0.79  
 
4.3.3 Thermal Stability 
 
Thermal stability of K
+
-BIRM-1 was examined by TGA (Figure 4.3). Clearly the TGA 
and DTA curves were different from those of BIRM-1 (Figure 3.10, Chapter 3). After 
losing coordinated water and ammonia at around 130
°
C, there followed a plateau till 
around 350
°
C in the TGA trace, which was not seen in the BIRM-1 TGA trace. This 
structure preservation capability was probably obtained after exchanging potassium 
ions as they could interact with the framework and hold the structure stable to higher 
temperature. In principle, this could allow the structure to be dehydrated by heating 
around this temperature to form a stable dehydrated phase, which would be necessary 
to facilitate gas storage by creating more space in the porous structure by the removal 
of internal solvent as well as providing access to the additional open binding sites. 
The potassium-exchanged product exhibited a weight loss of 38.5% up to 900°C.  
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Fig. 4.3 TGA (black trace) and DTA (blue trace) of K
+
-BIRM-1. 
 
An endothermic peak appeared on the DTA curves at 130
°
C, which on the 
basis of the mass spectrum curves (Figure 4.4) was assigned to the dehydration of the 
materials and the release of residual ammonia. Exothermic peaks observed in the 
TG/DTA curves at 510
°
C, 540
°
C, are associated with breakdown of the structure and 
release of NH3, CO2, and H2O. This is consistent with that seen for BIRM-1 but 
differs in that relatively little gas was released at this temperature. After that there was 
almost no weight loss until the temperature reached 650
°
C. Two other exothermic 
peaks on the DTA curve were observed, which are attributed to the release of CO2 
with a small amount of H2O and NH3. 
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Fig. 4.4 TGA (black trace) of K
+
-BIRM-1, and mass analysis of m/z = 16 (red trace), m/z = 
17 (green trace), m/z = 18 (blue trace) and m/z = 44 (purple trace). 
 
The product left in the TGA crucible was identified as a mixture of 
KZn4(PO4)3 and KZnPO4 (Figure 4.5). Quantitative phase analysis was carried out 
through Rietveld refinement of the structures in GSAS
126, 127
 (Table 4.3) and 
suggested that molar ratio of Zn: P: K was 1:0.85:0.55,a significantly lower potassium 
content than the results obtained from the EDX examinations. This discrepancy could 
be explained by the formation of an amorphous or poorly crystalline potassium 
compound during the heating process that does not contribute to diffraction peaks, and 
so is not determined by the Rietveld quantification formula. The bump observed at 
lower two-theta angles in the power XRD pattern of the TGA products is consistent 
with this interpretation. 
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Fig. 4.5 Final observed (crosses), calculated (solid line), difference (below) and reflection 
positions [red top lines indicate peaks from KZnPO4 and black lower lines indicate peaks 
from KZn4(PO4)3] for the final Rietveld refinements against powder XRD data for 
potassium-exchanged BIRM-1 TGA products, χ2 = 8.072, Rwp = 3.29%, Rp = 2.17%. 
 
Table 4.3 Quantitative phase analysis results. 
Phase Weight percentage (%) 
KZn4(PO4)3 51.81(6) 
KZnPO4 48.19(6) 
 
4.3.4 Fourier Transform Infrared Spectroscopy 
 
One of the characteristic bands in the IR spectrum for BIRM-1 was the doublet at 
3200 cm
-1
 and 3050 cm
-1
due to stretching vibrations of O–H from the coordinated 
water molecular and N–H stretches from ammonium (Figure 4.6a). However, the 
broad band occurring at around 3050 cm
-1
 almost disappeared after ion exchange, 
which could be related to the decrease of N–H vibrations engendered by the removal 
of the exchangeable ammonium cations by ion exchange (Figure 4.6b). For the rest of 
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the IR data, the two spectra shown are qualitatively similar. The band representations 
are shown in Table 4.4. The IR data once again indicate that the structure was 
maintained after ion exchange and potassium cations were introduced into the porous 
structure by exchanging with ammonium cations.  
 
 
Fig. 4.6 FTIR spectra for (a) BIRM-1 and (b) K
+
-BIRM-1; the pink area illustrates the peak 
disappearing after the ion exchange 
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Table 4.4 Observed FTIR shifts and assignment for K
+
-BIRM-1. 
Peak (cm
–1
) Assignment 
3200 O–H (H2O) 
1585 COO
–
 (sym) 
1309 C–O 
1403 COO
–
 (asym) 
1418 P–C 
1150–950 P–O 
 
4.4  Lithium-Exchanged BIRM-1(Li+-BIRM-1) 
Following the success of the potassium ion exchange, attempts were made at lithium 
ion exchange, as this metal ion could provide good metal binding sites for gas 
adsorption
3, 87, 147
. Again the hydrated radius (1.72 Å)
143
 is smaller than the pore 
diameter (7.6 Å).   
 
4.4.1 Laboratory Powder XRD 
 
After ion exchange, the powder XRD pattern (Figure 4.7) and SEM images (Figure 
4.8) showed that the structure and morphology remained intact during the treatment. 
The XRD pattern of the lithium-exchanged product showed clear changes compared 
to the original pattern. The relative intensities were noticeably modified after ion 
exchange as was observed in the XRD pattern of the potassium-exchanged product. 
Again, some new peaks were present after ion exchange and some peaks had 
disappeared or appeared slightly split. The similarity observed in the unit cell 
parameters and, in particular, the modifications of the relative intensities of the some 
peaks in the XRD pattern were possible pointers to successful ion exchange. 
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Fig. 4.7 (a) Powder XRD patterns of Li
+
-BIRM-1 and (b) BIRM-1, illustrating the 
modification of the relative peak intensities. 
 
 
 
Fig. 4.8 SEM images for Li
+
-BIRM-1. 
 
Diffraction data were initially indexed with Crysfire
120
. Then Chekcell
124
 was 
employed to determine the best solution with a = b = 22.228 (7) Å, c = 17.9179 (4) Å, 
I41/acd. A Le Bail refinement
125
 was carried out in GSAS
126, 127
 using the same space 
group to give a final unit cell as a = b = 22.2099(4) Å, c = 17.9155(3) Å. The lattice 
parameters of this product again were very similar to those of BIRM-1 (Table 4.5), 
suggesting that the framework was preserved during the ion exchange process.(see 
Appendix 2.2 for full index details) 
101 
 
Table 4.5 Lattice parameters of BIRM-1 and Li
+
-BIRM-1. 
 BIRM-1 Li
+
-BIRM-1 
Crystal System Tetragonal Tetragonal 
Space Group I41/acd I41/acd 
a/Å 22.302(2) 22.2099(4) 
c/Å 17.738(1) 17.9155(3) 
Volume/Å
3
 8822.6(1) 8837.3(4) 
 
4.4.2 Flame Photometry 
 
As there are only two electrons contained in the lithium ion, this extremely low 
electron density makes using EDX to determine the content of lithium in the 
exchanged product unreliable. Thus flame photometry was employed to estimate the 
degree of ion exchange (Table 4.6). This confirmed that the phase had effectively 
undergone lithium ion exchange. The exchange rate was calculated according to the 
standard curve (Figure 4.9); the average lithium exchange rate was about 55%. (See 
Appendix 3.1 for calculation details) 
 
Table 4.6 Flame photometry data. 
 Concentration 1
st 
Reading 2
nd
 Reading 3
rd
 Reading Average 
 
Standard Li
+
 
solution 
1 ppm 10 10 10 10 
2ppm 20.5 21.5 21.5 21.17 
5 ppm 51 51.5 51.5 51.33 
8 ppm 81 81.5 80.5 81 
10 ppm 100 100 100 100 
Li
+
 exchanged    
product 
Sample 1 70 70 71 70.33 
Sample 2 71.5 71 72 71.5 
Sample 3 70 70.5 70 70.17 
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Fig. 4.9 Standard curve for Li
+
-BIRM-1 flame photometry examination; y = 
10.0373x+0.4767, R
2
 = 0.9996. 
 
4.4.3 Thermal Stability  
 
As apparent from the weight loss curve (Figure 4.10), the lithium-exchanged product 
revealed a weight loss of 42.8% up to 900
°
C. Looking at the DTA trace, the 
endothermic peak at 120
°
C is attributable to loss of water and ammonia from residual 
NH4
+
 ions (Figure 4.11). Above this temperature the material kept on losing weight 
gradually and did not show very clear weight loss steps. At about 500
°
C, an 
exothermic peak was observed which indicates collapse of the structure. Release of 
NH3, H2O and CO2 were detected by mass spectrometry. This exothermic peak in the 
DTA curve was quite broad as a result of the CO2 release step. Eventually the residue 
reacted further with O2 and released more CO2, which generated the second 
exothermic peak at 630
°
C. The final phase change took place at a slightly higher 
temperature accompanied by an exothermic peak found after 800
°
C. There was no 
weight loss or gas emission detected in this step. After heating, the material left in the 
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crucible was found melted on the internal surface of the crucible (Figure 4.12). It was 
impossible to remove without damaging the crucible, therefore it could not be 
examined by XRD to identify the composition. This unusual TGA behaviour could be 
taken as evidence of a successful ion exchange, as it was not observed in either the 
BIRM-1 or K
+
-BIRM-1 TGA result.   
 
Fig. 4.10 TGA (black trace) and DTA (blue trace) of Li
+
-BIRM-1. 
 
Fig. 4.11 TGA (black trace) of Li
+
-BIRM-1, and mass analysis of m/z = 16 (red trace), m/z = 
17 (green trace), m/z = 18 (blue trace) and m/z = 44 (purple trace). 
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Fig. 4.12 Image of TGA crucibles after heating the Li
+
-BIRM-1 to 900 °C, illustrating the 
solid residue thin layer melted on the internal layer of the crucibles. 
 
4.4.4 Fourier Transform Infrared Spectroscopy 
 
FTIR spectra for both BIRM-1 and Li
+
-BIRM-1 were recorded to obtain some 
additional crystallochemical information for both materials. The IR spectrum of 
BIRM-1 (Figure 4.13a) exhibited a very broad and overlapped peak at around 3200 
cm
-1
and 3050 cm
-1
 due to stretching vibrations of O–H from the coordinated water 
molecules and N–H stretches from ammonium. A similar spectrum was observed from 
the lithium-exchanged product (Figure 4.13b and Table 4.7), the broad band occurring 
at around 3050 cm
-1
 almost disappeared after ion exchange, which is attributed to the 
decrease of N–H vibrations generated by the removal of the exchangeable ammonium 
cations. The IR data reinforce the evidence from above that the structure was 
maintained after ion exchange and lithium cations were introduced into the porous 
structure by exchanging with ammonium cations. 
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Fig. 4.13 FTIR spectra for (a) BIRM-1 and (b) Li
+
-BIRM-1; the pink area illustrates the peak 
disappearing after the ion exchange. 
 
Table 4.7 Observed FTIR peaks and assignments for Li
+
-BIRM-1. 
Peak (cm
–1
) Assignment 
3200 O–H (H2O) 
1693 COO
–
 (sym) 
1308 C–O 
1402 COO
–
 (asym) 
1415 P–C 
1150-950 P–O 
 
 
106 
 
4.5  Sodium-Exchanged BIRM-1 (Na+-BIRM-1) 
As another alkali metal between lithium and potassium, the hydrated radius of sodium 
ion is 2.18 Å
143
 and thus smaller than pore diameter. Sodium exchange was selected 
as the last set of experiments to be carried out. 
4.5.1 Laboratory Powder XRD 
 
Powder XRD patterns (Figure 4.14) of the sodium ion-exchanged products showed 
clear changes compared to the BIRM-1and K
+
/Li
+
-BIRM-1 XRD patterns. However, 
although the morphology of these exchanged crystals was maintained, some of them 
were crashed into small pieces after ion exchange (Figure 4.15). From the XRD 
pattern, there were peaks broadly in the same place and also extra peaks appeared 
which could indicate that the exchanged product contained both the original 
unchanged BIRM-1 material as well as some of a newly formed sodium phase which 
has slightly different lattice parameters. Alternatively, an exchanged sample may have 
been formed, in which a small structure change occurred resulting in a lowering of 
symmetry that led to the splitting of peaks in the XRD patterns. 
 
Fig. 4.14 (a) Powder XRD patterns of Na
+
-BIRM-1 and (b) BIRM-1 illustrating the 
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appearance of peak splits and additional peaks after ion exchange. 
 
 
Fig. 4.15 SEM images for Na
+
-BIRM-1. 
 
All the peaks from the exchanged pattern were indexed (Table 4.8) using 
Crysfire
120
 and Chekcell
124
, and refined by Le Bail fitting
125
 in the programme 
GSAS
126, 127
. The crystal system was revealed to be changed from tetragonal to 
orthorhombic but the lattice parameters remained very similar. This crystallographic 
data indicated that structure was not significantly modified to a totally different phase, 
and with the lowering of the symmetry together, it bears out the conjecture mentioned 
above and explains the peak splitting (see Appendix 2.3 for index details). 
 
Table 4.8 Lattice parameters of BIRM-1 and Na
+
-BIRM-1. 
 BIRM-1 Na
+
-BIRM-1 
Crystal System Tetragonal Orthorhombic 
Space Group I41/acd Pnma 
a/Å 22.302(2) 22.2150(5) 
b/Å 22.302(2) 21.5250(5) 
c/Å 17.738(1) 18.0773(3) 
Volume/Å
3
 8822.6(1) 8844.2(4) 
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4.5.2 Flame Photometry  
 
Determination of the sodium ion concentration in the exchanged product was 
attempted by EDX initially. However, with the interference from the zinc Lβ1 
emission line (1.0 keV), which was very close to the Kα1.2 (1.0 keV) and Kβ1 (1.1 
keV) emission line, it is really difficult to find a strong evidence to prove the 
existence of sodium from a high zinc content compound by EDX. Again flame 
photometry was used to evaluate the ion exchange proportion (Table 4.9). The ion 
exchange degree was then determined with the support of the standard curve (Figure 
4.16) generated from the standard sodium ion solutions. The average sodium 
exchange rate was approximately 78%. (See Appendix 3.2 for calculation details) 
 
Table 4.9 Flame photometry data. 
 Concentration 1
st 
Reading 2
nd
 Reading 3
rd
 Reading Average 
 
Standard Na
+
 
solution 
1 ppm 38 38 37.5 37.83 
1.5 ppm 54.5 54 54.5 54.33 
2 ppm 70 70 70.5 70.17 
2.5 ppm 86 85.5 86 85.83 
3 ppm 100 100 100 100 
Na
+
-exchanged 
product 
Sample 1 48 47.5 48 47.83 
Sample 2 48.5 48 48 48.17 
Sample 3 47 47.5 47.5 47.33 
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Fig. 4.16 Standard curve for Na
+
-BIRM-1 flame photometry examination; y = 
33.2526x+2.6057, R
2 
= 0.996. 
 
4.5.3 Thermal Stability 
 
For the sodium-exchanged product, the TGA and DTA traces (Figure 4.17) were 
slightly different from those of the BIRM-1. According to the mass spectrum curves 
in Figure 4.18, an endothermic peak on the DTA curves at 120°C is attributable to loss 
of physisorbed water and accompanied by the release of some ammonia. Two 
exothermic peaks were observed in the DTA/TGA curves at 510°C and 650°C. The 
first exothermic peak is associated with breakdown of the structure and release of a 
large amount of CO2. After that the second exothermic peak is attributed to the further 
release of CO2 generated from the residue left in the TGA chamber.  
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Fig. 4.17 TGA (black trace) and DTA (blue trace) of Na
+
-BIRM-1. 
 
Fig. 4.18 TGA (black trace) of Na
+
-BIRM-1, and mass analysis of m/z = 16 (red trace), m/z = 
17 (green trace), m/z = 18 (blue trace) and m/z = 44 (purple trace). 
 
Similarly to what occurred with the Li
+
-BIRM-1 TGA solid residue, after 
heating the sodium-exchanged product was melted on the internal surface of the 
crucible. Thus it could not be characterized by XRD. Since this phenomenon was not 
observed from BIRM-1, this could provide some evidence for a successful ion 
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exchange. 
4.5.4 Fourier Transform Infrared Spectroscopy 
 
FTIR spectra (Figure 4.19) were collected to obtained crystallochemical information. 
The IR spectrum for Na
+
-BIRM-1 is similar to the other two exchanged products and 
the mother material BIRM-1 (Table 4.10). Like K
+
-BIRM-1 and Li
+
-BIRM-1, the 
broad absorption band at about 3050 cm
-1
was greatly reduced after the sodium ion 
exchange which is assigned to the removal of the N–H vibration by exchanging 
ammonium cations out from the structure. These IR data strengthen the analysis 
discussed above that the framework was still maintained after the ion exchange as 
well as sodium ions introduced into the structure. 
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Fig. 4.19 FTIR spectra for (a) BIRM-1 and (b) Na
+
-BIRM-1; the pink area illustrates the peak 
disappearing after the ion exchange. 
 
Table 4.10 Observed FTIR peaks and assignments for Na
+
-BIRM-1. 
Peak (cm
–1
) Assignment 
3200 O–H (H2O) 
1589 COO
–
 (sym) 
1308 C–O 
1402 COO
–
 (asym) 
1417 P–C 
1150–950 P–O 
 
 
4.6  Crystal Structure Determination 
After confirming metal ions were successfully exchanged into the structure of 
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BIRM-1 from the above analyses, the following work was initiated to use Rietveld 
refinement to analyze the exchanged structure and try to locate the exchanged ion 
positions. Of these three exchanged products, the XRD patterns as well as the cell 
parameters of the Li
+
-BIRM-1 and K
+
-BIRM-1 were much the same as those of the 
parent material BIRM-1 indicating the structure may be similar after ion exchange. 
Due to the very weak scattering power of Li for X-rays, this structure refinement 
attempt was begun with the potassium-exchanged product. The starting unit cell was 
obtained directly from the Le Bail fit
125
 described above (Table 4.1). The model for 
this refinement was constructed from the as-prepared BIRM-1 structure. Then this 
model and the cell were used as a starting point for Rietveld refinement against the 
laboratory X-ray data using the computer program GSAS
126, 127
. 
 
4.6.1 K+-BIRM-1 Structure Determination from Powder Diffraction Data 
 
To begin this refinement, the structure model was slightly modified to minimize the 
effect from other molecules within the channels when utilizing Fourier difference 
maps. All the molecules inside the channels which are water and ammonium ions 
were removed, and the H atoms from the organic ligand were removed as well as 
these atoms have almost no scattering power for X-rays (Figure 4.20).  
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Fig. 4.20 Structural model for K
+
-BIRM-1 viewed along the c-axis; hydrogen atoms have 
been omitted for clarity; colour scheme: Zn – turquoise, P – purple, K – blue, O – red and C – 
black. 
 
The background was fitted by a shifted Chebyshev polynomial with 20 
parameters. The peak profiles of reflections were modeled with the pseudo-Voigt peak 
profile function (CW profile function 3 in GSAS
126, 127
). When starting to refine the 
empty framework, it was noticed that if there was no limitation applied to bond length, 
a great level of distortion would occur to the structure after the refinement. The 
lightweight atoms such as carbon and oxygen from the organic ligand were removed 
115 
 
dramatically from the positions where they used to be. Therefore soft restraints were 
imposed on selected framework atomic bonding parameters which set the variation of 
organic ligand and tetrahedral distances (Table 4.11). The weighting factor of the 
restraint was started at 1000, and then gradually reduced to 20 to allow the structure to 
relax slightly.  
 
Table 4.11 Refinement parameters of bond length soft restraints. 
 
 
Bond Distance (Å) 
C1–C2 1.5 
C1–O3 1.3 
C1–O5 1.2 
C2–C3 1.5 
P1–C3 1.8 
P1–O1 1.5 
P1–O2 1.5 
P1–O4 1.5 
Zn1–O1 2.0 
Zn1–O2 2.0 
Zn1–O3 2.0 
Zn1–O4 2.0 
 
 
The structure obtained from the restrained refinement was satisfactory (Rwp = 11%) 
and it turned out the bond angle soft restraint was not necessary. Difference Fourier 
maps were employed to locate additional electron density in the structure. Based on 
the above refinement of the framework, more than 70 positions can be found due to 
the potassium atoms, water oxygen atoms and ammonium nitrogen atoms absent from 
the channels.  
 
Unfortunately, it is hard to distinguish which position should be designated a 
potassium atom site or which one should be an oxygen or nitrogen atom site, but some 
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assistance can be gained from the knowledge that in principle the heaver potassium 
atom would have greater scattering of X-rays compared to oxygen atoms and nitrogen 
atoms, which should make it possible to distinguish potassium atom sites from 
oxygen and nitrogen sites. However, investigation of the structure of the parent 
material BIRM-1 indicates that nitrogen positions as well as free water molecules 
(oxygen atoms) are highly disordered inside the channels. This means for each 
position found in the difference Fourier map, it could be a fully occupied site, or have 
partial or mixed occupation. Thus each single site generated from difference Fourier 
maps could be a site for any of these three atoms in accordance with their site 
occupancy. Comparison of the typical coordination bond lengths of potassium, 
oxygen and nitrogen with the surrounding framework atoms could help determine 
some non-potassium atom sites. However, taking the similarity of scattering power for 
oxygen and nitrogen atoms in X-ray diffraction, as well as the complexity of the 
structure into consideration, it makes identifying the positions of oxygen and nitrogen 
atoms from X-ray difference Fourier maps extremely difficult. Thus it is very 
challenging to find a satisfactory solution to this thorny problem.  
 
An alternative possibility considered was that potassium atoms may 
preferentially substitute at nitrogen positions and the rest of nitrogen atoms are still in 
their original sites. Applying these as initial atomic positions for both potassium and 
nitrogen atoms, only water oxygen atoms need to be located by difference Fourier 
maps, therefore obviating some of the difficulties in determining the extra framework 
atoms. 
Hence as starting structure model was then constructed by removing water 
molecules from the structure and positioning five potassium atom sites to the same 
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locations as the five nitrogen atom sites in the parent material (Figure 4.21). 
Occupancy constraints were initially applied to each potassium/nitrogen atom shared 
site to allow nitrogen atoms to be replaced by potassium atoms with concurrent 
appropriate reduction, and the preliminary occupancy for potassium atoms in each site 
was 0.8 and for nitrogen atoms was 0.2, in accordance with EDX results. Newly 
added atoms of identical element type were constrained to have the same isotropic 
thermal displacement parameter, Uiso = 0.025. 
 
Fig. 4.21 Starting positions for the newly added potassium atoms viewed along the c-axis; 
hydrogen atoms have been omitted for clarity; colour scheme: Zn – turquoise, P – purple, K – 
blue, O – red and C – black. 
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By exploiting the structure soft restraint, the Rietveld refinement of the new 
structure resulted in a good fit (Rwp = 8.00%). Then further refinement of the 
fractional occupancies was carried out which resulted in a total occupancy of 
potassium consistently higher than 1, and the occupancies of nitrogen atoms were 
changed to negative values correspondingly. This unreasonable result may derive 
from the absence of the water molecules inside the structure. Without these water 
molecules, the occupancy of the potassium atoms had to be elevated to compensate (at 
least in part) for their electron density. Due to the existence of the occupancy 
constraint between these two types of atoms, the occupancies of the nitrogen atoms 
were changed to minus consequently. It was concluded that modeling the structure 
with this occupancy constraint was underestimating the total scattering by oxygen 
atoms, and as such was resulting in a physically meaningless refinement. 
 
Thus the total occupancies of potassium atoms and nitrogen atoms were 
constrained in a different way in the following Rietveld refinement. The starting 
model remained the same as the previous attempt, and constraints were used to fix the 
total occupancies of potassium atoms at 0.8 and nitrogen atoms at 0.2 in accordance 
with EDX results. Then by carefully refining the occupancies of potassium atoms and 
nitrogen atoms, a stable Rietveld refinement was obtained with Rwp = 5.64%. 
Inspection of the refinement showed that the occupancies of the potassium atoms had 
reasonable values. However, even if a hard constraint was applied to fix the total 
occupancy of the nitrogen atoms, the occupancies of atoms N3 and N5 became 
negative on refinement resulting in the sum of other nitrogen atom occupancies being 
bigger than 0.2 (Table 4.12). These two nitrogen sites were eliminated from further 
refinements. Investigation of the structure suggested that the positions of sites N1 and 
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N4 were closely related to the water oxygen sites from the structure of BIRM-1, and 
selecting oxygen atoms could account for this increased scattering as the occupancy 
of water oxygen need be kept as 0.2 or lower. Thus two oxygen positions were 
proposed and assigned with the same occupancy as they were nitrogen. The nitrogen 
site N2, was located at appropriate positions in the large channel, but the occupancy 
refined to a value of 0.4444, which was higher than the theoretical value 0.2 (0.2 per 
Zn/P atom), so it was fixed at 0.2 in the subsequent refinements.  
 
Table 4.12 Decisions made for nitrogen atoms. 
Positions Occupancy Decision 
N1 0.3886 Oxygen 
N2 0.4444 Remain Nitrogen 
N3 -0.2432 Delete 
N4 0.5641 Oxygen 
N5 -1.0745 Delete 
 
 
 
Ten additional extra-framework water oxygen sites were then identified in 
powder X-ray diffraction difference Fourier maps. Two of the site positions, one with 
a very short distance to zinc (d(Zn-O) = 0.39 Å) and one to potassium (d(K-O) = 0.29 Å), 
were not added into the refinement. The other eight newly added water oxygen atoms 
helped the refinement to reach final goodness of fit values: χ2 = 2.809, Rwp = 4.39% 
and Rp = 3.10%. By reviewing the atoms positions of this refined structure, it was 
then noticed that one potassium atom inside the large channel was located at a very 
similar site to that of a water oxygen atom from BIRM-1 with a very low occupancy 
of 0.0528, and another low occupancy (0.0864) potassium site on a special position 
inside the smaller channel was very close to that of a nitrogen atom from BIRM-1 as 
well. In this case, it seemed sensible to change these two potassium sites to be a water 
oxygen site and an ammonium nitrogen site, respectively, with higher occupancy.  
120 
 
Refinement of this new model proceeded smoothly with the structure soft 
restraint released in the final refinement. Bond lengths and bond angles converged to 
reasonable values and improved the Rietveld refinement fit with χ2 = 2.574, Rwp = 
4.21% and Rp = 3.01% (Figure 4.22 and 4.23). A summary of the atomic parameters 
(Table 4.13) and selected bond lengths (Table 4.14), bond angles (Table 4.15) are 
shown below. 
 
 
Fig. 4.22 Final observed (crosses), calculated (solid line), difference (below) and reflection 
positions (middle) for the final Rietveld refinement of K
+
-BIRM-1; χ2 = 2.574, Rwp = 4.21% 
and Rp = 3.01%. 
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Fig. 4.23 Refined structure of K
+
-BIRM-1 viewed along the z-axis, illustrating the atomic positions of exchanged potassium atoms, 
ammonium nitrogen atoms (upper right) and water oxygen atoms (lower right); hydrogen atoms have been omitted for clarity; blue 
dashed lines indicate one unit cell (left); colour scheme: Zn – turquoise, P – purple, K – blue, N – green, O – red and C – black. 
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Table 4.13 Refined atomic positions of K
+
-BIRM-1; hydrogen atoms placed geometrically 
after refinement was complete. 
Atom Mult. x y z Occupancy Uiso 
C1 32 0.302(1) 0.246(1) 0.162(2) 1 0.031 (9) 
C2 32 0.307(1) 0.306(1) 0.183(1) 1 0.016 (8) 
H21 32 0.3104 0.3295 0.1356 1 - 
H22 32 0.2679 0.3157 0.2083 1 - 
C3 32 0.354(1) 0.327(1) 0.232(1) 1 0.040 (9) 
H31 32 0.3946 0.3248 0.2071 1 - 
H32 32 0.3556 0.3032 0.2798 1 - 
O1 32 0.3890(7) 0.4234(7) 0.2902(8) 1 0.022 (5) 
O2 32 0.3233(7) 0.4431(6) 0.1726(9) 1 0.018 (5) 
O3 32 0.2639(7) 0.2104(7) 0.1236(9) 1 0.029 (5) 
O4 32 0.2718(7) 0.4123(6) 0.2834(7) 1 0.017 (5) 
O5 32 0.3449(7) 0.2075(8) 0.1995(9) 1 0.042 (6) 
P1 32 0.3320(4) 0.4047(3) 0.2494(5) 1 0.025 (2) 
Zn1 32 0.2496(2) 0.1283(2) 0.1135(2) 1 0.023 (1) 
N1 32 0.512(8) 0.226(9) 0.411(8) 0.103(5) 0.025 
N2 16 0.291(7) 0.959(7) 0.125 0.19(1) 0.025 
K1 32 0.454(1) 0.185(2) 0.199(2) 0.236(4) 0.06(1) 
K2 32 0.265(1) 0.938(1) 0.055(1) 0.239(3) 0.05(1) 
K3 32 0.3207(9) 0.7600(7) 0.027(1) 0.330(5) 0.024(7) 
O6 32 0.407(2) 0.115(2) 0.304(2) 0.45(2) 0.025 
O7 32 0.3304(9) 0.8924(8) -0.203 (1) 0.73(1) 0.025 
O8 32 0.366(2) -0.227(2) 0.037(3) 0.34(2) 0.025 
O9 32 0.433(2) 0.209(2) 0.333(3) 0.30(1) 0.025 
O10 32 0.217(2) -0.210(2) -0.020(3) 0.36(1) 0.025 
O11 32 0.282(2) -0.032(2) 0.087(2) 0.42(1) 0.025 
O12 32 -0.272(3) -0.216(2) 0.042(2) 0.30(1) 0.025 
O13 32 0.075(4) -0.239(3) 0.045(4) 0.25(2) 0.025 
O14 32 0.411(2) -0.104(2) 0.088(2) 0.37(1) 0.025 
O15 32 0.098(1) 0.229(1) 0.077(2) 0.52(2) 0.025 
 
 
Table 4.14 Selected bond distances for K
+
-BIRM-1 framework. 
Bond Distance (Å) Bond Distance (Å) 
C1–C2 1.382(28) P1–O2 1.626(15) 
C1–O3 1.347(25) P1–O4 1.479(14) 
C1–O5 1.440(27) Zn1–O1 2.152(14) 
C2–C3 1.454(28) Zn1–O2 1.876(15) 
P1–C3 1.822(22) Zn1–O3 1.858(14) 
P1–O1 1.518(15) Zn1–O4 2.104(13) 
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Table 4.15 Selected bond angles for K
+
-BIRM-1. 
Bond Angle Angle (°) Bond Angle Angle (°) 
O1–P1–C3 96.5(10) O1–Zn1–O4 113.7(6) 
O2–P1–C3 112.8(11) P1–C3–C2 102.2(17) 
O2–P1–O1 111.1(9) C3–C2–C1 121.9(24) 
O4–P1–C3 115.1(10) O5–C1–O3 107.8(23) 
O4–P1–O1 121.7(10) C2–C1–O5 113.2(24) 
O4–P1–O2 100.3(9) C2–C1–O3 138.0(28) 
O3–Zn1–O2 123.8(8) Zn1–O1–P1 114.5(9) 
O1–Zn1–O2 113.3(6) Zn1–O2–P1 124.6(10) 
O4–Zn1–O2 100.1(6) Zn1–O3–C1 137.0(18) 
O3–Zn1–O1 94.8(7) Zn1–O4–P1 121.0(10) 
O3–Zn1–O4 111.9(7)   
 
Table 4.16 Selected interatomic distances for potassium atoms (within 0–3 Å). 
Bond Distance (Å) 
K1–O5 2.48(4) 
K2–O2 2.877(33) 
K2–O4 2.917(33) 
K2–O4 2.959(34) 
K3–O1 2.699(22) 
K3–O3 2.780(25) 
 
In this refined structure, the framework structure is very close to that of 
BIRM-1, suggesting a reasonable structure determination. The entire structure is 
constructed by the connection of ZnO4/CPO3 inorganic chains through the organic 
ligand. Each phosphorus atoms is tetrahedrally bonded to three oxygen atoms and one 
carbon atom and the zinc atom is tetrahedrally coordinated by four oxygen atoms with 
reasonable bond lengths. The interatomic distance (Table 4.16) between the potassium 
site positions and the nearby framework atoms were in the range of the coordination 
distances of K
+
 in the compilation of extra-framework sites in zeolite
148
 (which is 
about 2.5 Å – 3.5 Å, mainly around 2.9 Å). Due to the unreliability of the free water 
oxygen sites positions, the coordination environments of the exchanged potassium 
cations were not further discussed. Potassium ions and ammonium nitrogen ions were 
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distributed into both the channels. For smaller channel, this was considered acceptable, 
but for the large channels, it was not entirely clear that this made chemical sense. The 
ammonium ions in the large channel in BIRM-1 are quite far away from the 
framework and will have more opportunity to exchange with potassium ions as they 
are more accessible. Hence the ammonium ions are judged likely to be fully 
exchanged from there. In addition, the potassium ion is thought more likely to find a 
relatively stable position coordinated to the framework atoms and not near the centre 
of the large channel. In view of this, a further structure refinement attempt was carried 
out. The nitrogen site inside the large channel (N1) was removed and replaced by an 
oxygen site in this refinement. For the potassium ions, the K3 site had the highest 
occupancy and also had reasonable distances to coordinate with framework oxygens 
O1 and O3 (Figure 4.24a and Table 4.16). However, the other potassium site inside 
the large channel K1, was relatively remote from the framework with only one 
possible coordination distance to O5 of the framework (Figure 4.24b and Table 4.16) 
Therefore the K1 site was also tested as an oxygen site in this attempt. 
 
Fig 4.24 Possible coordination of potassium ions (a) K3 and (b) K1 with framework oxygen 
atoms; colour scheme: Zn – turquoise, P – purple, K – blue, O – red and C – black. 
 
The final refinement of this modified model reached a fit with χ2 = 2.590, Rwp 
(a) (b) 
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= 4.22% and Rp = 3.00% (Figure 4.25 and 4.26). Atomic parameters, selected bond 
lengths and angles and distances between potassium atoms and the nearby framework 
atoms were shown below (Table 4.17-4.20). Comparing with the previous refinement 
result, this one was neither improved nor significantly worse. Besides the absence of 
the potassium ion and the ammonium nitrogen ion inside the large channel, the 
structures are essentially the same. It is perhaps not surprising that this attempt 
yielded a very similar result, as the refinement can not readily distinguish between an 
oxygen atom site and a nitrogen atom site, or a low occupancy potassium site and a 
high occupancy oxygen site. 
 
 
Fig. 4.25 Final observed (crosses), calculated (solid line), difference (below) and reflection 
positions (middle) for the Rietveld refinement of K
+
-BIRM-1 with modified structure model; 
χ2 = 2.590, Rwp = 4.22% and Rp = 3.00%. 
126 
 
Fig. 4.26 Refined structure of K
+
-BIRM-1with the modified structure model, viewed along the z-axis, illustrating the atomic positions of 
potassium atoms, nitrogen atoms (upper right) and water oxygen atoms (lower right); hydrogen atoms have been omitted for clarity; blue 
dashed lines indicate one unit cell (left); colour scheme: Zn – turquoise, P – purple, K – blue, N – green, O – red and C – black. 
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Table 4.17 Refined atomic positions of K
+
-BIRM-1 with the modified structure model; 
hydrogen atoms placed geometrically after refinement was complete. 
Atom Mult. x y z Occupancy Uiso 
C1 32 0.301(1) 0.242(1) 0.160(2) 1 0.027(9) 
C2 32 0.306(1) 0.306(1) 0.180(1) 1 0.017(8) 
H21 32 0.3094 0.3293 0.1325 1 - 
H22 32 0.2668 0.3172 0.2055 1 - 
C3 32 0.356(1) 0.328(1) 0.231(1) 1 0.027(8) 
H31 32 0.3954 0.3267 0.2052 1 - 
H32 32 0.3576 0.3034 0.2781 1 - 
O1 32 0.388(7) 0.4232(7) 0.2920(8) 1 0.023(5) 
O2 32 0.3245(7) 0.4427(7) 0.1736(9) 1 0.013(5) 
O3 32 0.2640(7) 0.2094(7) 0.123(1) 1 0.023(5) 
O4 32 0.2717(7) 0.4123(7) 0.2836(7) 1 0.017(5) 
O5 32 0.3444(7) 0.2090(8) 0.1991(9) 1 0.042(6) 
P1 32 0.3320(4) 0.4042(3) 0.2499(5) 1 0.025(2) 
Zn1 32 0.2496(2) 0.1279(2) 0.1138(2) 1 0.0224(8) 
N2 16 0.292(3) 0.958(3) 0.125 0.4 0.025 
K1 32 0.2724(9) 0.9450(7) 0.0615(8) 0.358(5) 0.063(7) 
K2 32 0.3206(7) 0.7603(5) 0.0279(8) 0.448(5) 0.031(5) 
O6 32 0.412(2) 0.114(2) 0.305(2) 0.47(2) 0.025 
O7 32 0.3338(9) 0.8928(9) -0.003(1) 0.69(1) 0.025 
O10 32 0.417(3) 0.193(3) 0.340(3) 0.24(1) 0.025 
O8 32 0.382(4) -0.231(4) 0.038(4) 0.19(2) 0.025 
O9 32 0.225(2) -0.189(2) -.0.012(4) 0.26(1) 0.025 
O11 32 0.278(3) -0.007(4) 0.087(5) 0.20(1) 0.025 
O12 32 -0.025(3) -0.227(3) 0.042(3) 0.27(1) 0.025 
O13 32 0.076(2) -0.225(3) 0.053(3) 0.35(2) 0.025 
O14 32 0.410(2) -0.104(2) 0.083(3) 0.34(1) 0.025 
O15 32 0.100(1) 0.232(1) 0.075(2) 0.58(2) 0.025 
O16 32 0.451(2) 0.196(2) 0.204(3) 0.43(2) 0.025 
O17 32 0.493(2) 0.206(2) 0.420(3) 0.29(2) 0.025 
 
 
Table 4.18 Selected bond distances for K
+
-BIRM-1 with the modified structure model. 
Bond Distance (Å) Bond Distance (Å) 
C1–C2 1.478(29) P1–O2 1.616(15) 
C1–O3 1.272(25) P1–O4 1.478(14) 
C1–O5 1.407(26) Zn1–O1 2.137(14) 
C2–C3 1.510(28) Zn1–O2 1.869(15) 
P1–C3 1.806(22) Zn1–O3 1.843(15) 
P1–O1 1.516(16) Zn1–O4 2.092(13) 
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Table 4.19 Selected bond angles for K
+
-BIRM-1 with the modified structure model. 
Bond Angle Angle (°) Bond Angle Angle (°) 
O1–P1–C3 96.6(10) O1–Zn1–O4 113.1(6) 
O2–P1–C3 111.7(11) P1–C3–C2 101.3(17) 
O2–P1–O1 110.8(9) C3–C2–C1 120.7(22) 
O4–P1–C3 116.8(11) O5–C1–O3 113.9(24) 
O4–P1–O1 120.7(10) C2–C1–O5 109.0(23) 
O4–P1–O2 100.8(10) C2–C1–O3 136.5(28) 
O3–Zn1–O2 122.3(8) Zn1–O1–P1 115.4(9) 
O1–Zn1–O2 113.4(6) Zn1–O2–P1 126.8(10) 
O4–Zn1–O2 101.4(6) Zn1–O3–C1 135.5(19) 
O3–Zn1–O1 94.8(7) Zn1–O4–P1 120.6(10) 
O3–Zn1–O4 112.5(7)   
 
Table 4.20 Selected interatomic distances for potassium atoms (within 0–3 Å). 
Bond Distance (Å) 
K1–O4 2.807(26) 
K1–O2 2.938(27) 
K1–O2 2.989(25) 
K2–O1 2.725(19) 
K2–O3 2.769(21) 
 
Comparing these two refined structure models, the essential difference is the 
extra potassium ion and nitrogen sites in the large channel. It is actually the 
refinement method that led to these being there. Reviewing the entire refinement 
procedure, when the structure was emptied and potassium ions were put into the same 
positions as the ammonium nitrogen ions, the whole structure was lacking water 
oxygen atoms, and when the potassium ions and the ammonium nitrogen atoms 
started to refine, they were moved to certain places in the large channel to cover the 
scattering which is supposed actually to be generated from the water oxygen atoms. 
As refinements with and without these two sites are of virtually indistinguishable 
quality, our data does not provide clear evidence for their presence in K
+
-BIRM-1. 
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4.6.1.1 Discussion 
As outlined above, two tentative structures for the K
+
-BIRM-1 product were refined 
using the Rietveld method (Table 4.21). The main strategy used here was to first 
refine the structure framework, then rely on ammonium nitrogen positions from 
BIRM-1 to find out the most important channel atoms, and use difference Fourier 
maps to locate the other atom sites inside the channels, which is often the tricky part 
in porous framework solids.  
 
Table 4.21 Experimental parameters and crystallographic data for K
+
-BIRM-1. 
X-ray facility Bruker D8, in transition geometry 
Wavelength (Å) 1.54056 
Temperature Ambient temperature 
Profile range (°, 2θ) 5 – 90 
Step size(2θ) 0.0197 
 Attempt I Attempt II 
Chemical formula C3K0.8N0.2O9.04PZn C3K0.8N0.2O9.31PZn 
Chemical formula weight 311.32 315.64 
Space group I41/acd I41/acd 
a (Å) 22.1942 (2) 22.1943 (2) 
c (Å) 17.8532 (2) 17.8532 (2) 
V (Å
3
) 8794.2 (2) 8794.2 (2) 
Background parameters 20 20 
Profile parameters 7 7 
Rwp 4.21% 4.22% 
Rp 3.01% 3.00% 
χ2 2.574 2.590 
 
Our attempts to refine the structure of K
+
-BIRM-1 were not entirely 
satisfactory due to the quality of the data. It is likely that the site positions for the low 
occupancy extra-framework atoms are not very reliable, and some potassium ion sites 
could be occupied by water oxygen or nitrogen atoms with higher occupancies and the 
reverse is also possible. This does not affect the structure of the framework. Because 
both the refined structures resulted in chemically sensible frameworks, and also as the 
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agreement between the experiment and calculated profiles is quite good, we believe 
that one of these two models are reasonably close to the actual structure. 
 
For Rietveld refinement of powder data, endeavours towards a successful 
structure determination should begin with two simple steps. The first is correct 
indexing with accurate unit cell parameters, and preferably a correct space group 
determination. The other is to extract a sufficient number of reliable reflection 
intensities from the powder patterns
149, 150
. So for compounds containing elements 
having weak scattering, higher energy X-rays are desirable to avoid the obscuring 
from low resolution patterns caused by the overlap of adjacent Bragg peaks, which 
suppresses the information contained in the powder diffraction data and consequently 
hampers the application of this technique to solve a complex structure
151
. The 
structure being refined here is a complicated three dimensional metal organic 
framework porous material with extra-framework cations inside the channels and 
water oxygen atoms that are highly disordered. Solving the structure with laboratory 
X-ray diffraction patterns is obviously not straightforward. Powder synchrotron X-ray 
diffraction with/or powder neutron diffraction would be of great assistance for the 
structure determination. With a high resolution synchrotron X-ray pattern, more peaks 
could be obtained making determination of the positions and occupancies of the 
potassium atoms more reliable. With the help of the neutron diffraction data, 
discriminating the occupancies and atomic site positions for nitrogen and oxygen 
atoms could be possible due to the difference of their neutron scattering lengths
152
. In 
addition, the scattering power of atoms in neutron diffraction does not have the 
angular dependence found in X-ray diffraction, resulting in more well defined 
diffraction peaks at high Bragg angle and more precise data for the refinement of 
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atomic positions and thermal displacement parameters. However, in this project we 
did not have the opportunity to examine the cation-exchanged samples by powder 
synchrotron X-ray diffraction. Neutron diffraction would have required fully 
deuterated samples, which would be costly to make both in financial terms and 
experimental time.  
 
4.6.2 Single Crystal XRD Structure of K+-BIRM-1 
 
At a late stage of writing this thesis, single crystal XRD data of K
+
-BIRM-1 were 
returned from the UK National Crystallographic Service after a year long queuing. 
The raw data was interpreted by Dr. Louise Male in the School of Chemistry at the 
University of Birmingham. The single crystal XRD results revealed that the 
framework was maintained after the ion exchange (Table 4.22, see Appendix 4 for 
more structure details), in agreement with the Rietveld refinement results. As with 
BIRM-1, the structure is still constructed by the corner sharing of ZnO4 and CPO3 
tetrahedra linked by the organic ligands into a three dimensional porous structure 
(Figure 4.27). The potassium cations were successfully exchanged into the structure 
and distributed in both the large and the small channels. For the potassium cation in 
the large channel, it was found close to the organic ligand with a six-fold coordination 
environment with three framework oxygen atoms and three water oxygen atoms. For 
the one in the smaller channel, potassium cation was found close to the ZnO4/CPO3 
inorganic chain with a six-fold coordination environment of four framework oxygen 
atoms and two water oxygen atoms. NH4
+ 
ions are distributed inside the smaller 
channels. 
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Fig. 4.27 Single crystal structure of K
+
-BIRM-1 viewed along the z-axis, illustrating the atomic positions of exchanged potassium atoms, 
ammonium nitrogen atoms and water oxygen atoms (right). Blue dashed lines indicate one unit cell (left); hydrogen atoms have been omitted 
for clarity; colour scheme: Zn – turquoise, P – purple, N – green, O – red, C – black and K – blue. 
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The structure contains 1.51 moles of potassium ions and 0.49 mole of 
ammonium ions for two moles of zinc atoms. The occupancy of the ammonium cation 
has been fixed at a value which ensures exact charge balancing within the structure. 
However when allowed to freely refine the occupancy of the ammonium cation was 
within 13% of this value. The structure also contains 5.97 water molecules per two 
zinc atoms, disordered over several sites and with some coordinating to the potassium 
cations and some being uncoordinated (Figure 4.28), and most of them are adjacent to 
the charge site of the structure (O5). The coordinated water molecule O(102)/O(12') is 
disordered over two positions with the occupancies fixed such that they add up 
exactly to the occupancy of K(101) (Figure 4.28a). It was not possible to locate 
hydrogen atom positions for the ammonium cation or for the water molecules. Thus it 
is not possible to tabulate the hydrogen bonding but it is to be expected that all the 
hydrogen bonding requirements in the structure are fulfilled
131
 (Table 4.23).  
 
Table 4.22 Crystallographic data for K
+
-BIRM-1. 
Empirical formula (NH4)0.49(K)1.51[Zn2(O3PCH2CH2COO)2]·5.97H2O 
Formula weight 608.25 
Crystal system Tetragonal 
Space group I41/acd 
a (Å) 22.153(9) 
c (Å) 17.873(1) 
Volume (Å
3
) 8771(7) 
 
 
Table 4.23 Selected interatomic distances for ammonium nitrogen atoms and water oxygen 
atoms. 
Bond Distance (Å) 
N201-O3 2.8 
O101–O5 2.8 
O102–O5 2.8 
O12'–O5 2.6 
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O01'–O5 2.9 
O02'–O1 2.9 
O03'–O5 3.3 
O04'–O4 2.8 
O05'–H3B 3.9 
O301–O5 2.8 
Note: atom distances were directly measured by Crystal Maker 
 
 
Fig. 4.28 (a) and (b) coordinations of potassium cations with framework oxygen atoms (O1 –
O4) and free water oxygen atoms (O101, O102/O12’, O301); hydrogen atoms and some water 
molecules have been omitted for clarity; colour scheme: Zn – turquoise, P – purple, K –blue, 
O – red and C – black. 
(b) 
(a) 
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4.6.3 Structure Comparison 
 
Both the structures of K
+
-BIRM-1 refined from the powder XRD data bear close 
similarities to the single crystal structure (Figure 4.29).  
 
Fig. 4.29 (a, b) Rietveld refined structures from the first and second models, and (c) single 
crystal structure of K
+
-BIRM-1 viewed along the z-axis, illustrating the different potassium 
and nitrogen sites; hydrogen atoms and water molecules have been omitted for clarity; blue 
dashed lines indicated one unit cell (left); colour scheme: Zn – turquoise, P – purple, K – blue, 
N – green, O – red and C – black. 
 
 
(a) (b) 
(c) 
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For the structure refined at the first attempt, the framework is almost the same 
as in the single crystal structure and most of the potassium ion and ammonium 
nitrogen ion positions are very similar. Differences arise in one of the nitrogen sites 
and one potassium ion site in the large channel. In the refined structure, besides the 
potassium site around the organic ligands (K3 in Figure 4.29), there are extra 
potassium (K1 in Figure 4.29) and nitrogen ion sites (N1 in Figure 4.29) in the large 
channel. The structure obtained from the second Rietveld refinement attempt is very 
similar to the single crystal structure. The only difference is the arrangement of the 
potassium ion and the ammonium ion sites inside the smaller channel, which vary 
slightly. The single crystal diffraction method can provide more detailed structure 
information but this is limited to only the examined crystal. For a structure with many 
potentially variable atom sites such as the exchanged metal sites and free water sites 
of our ion-exchanged material, the single crystal structure may not be entirely 
representative. By contrast, in the powder XRD method, many tiny crystals are 
examined to reveal general structure information for the material. When the single 
crystal structure of K
+
-BIRM-1 was refined against the powder XRD pattern (Figure 
4.30 and 4.31), the potassium site positions and ammonium nitrogen site positions in 
the smaller pore moved slightly to positions similar to those originally obtained in the 
second Rietveld analysis. These small differences may reflect variations among 
crystals, but also confirm the validity of the refined structure.  
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Fig. 4.30 Final observed (crosses), calculated (solid line), difference (below) and reflection 
positions (middle) for the final Rietveld refinement of K
+
-BIRM-1, using the single crystal 
structure model, against lab powder XRD data; χ2 = 4.318, Rwp = 5.45% and Rp = 3.72%. 
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Fig. 4.31 Refined structure of K
+
-BIRM-1, using the single crystal structure model, against 
lab powder XRD data, viewed along the z-axis; hydrogen atoms have been omitted for clarity; 
colour scheme: Zn – turquoise, P – purple, K – blue, N – green, O – red and C – black. 
 
4.6.4 Na+-BIRM-1 Structure Determination 
 
For the sodium-exchanged product, due to the significant change in the XRD pattern, 
the crystal structure of BIRM-1 was not considered as an appropriate structure model 
to start a Rietveld refinement. Refinement with only a framework structure from the 
cobalt-exchanged product (detailed in Chapter 5) was initially carried out. However, 
due to the significant difference of the space group between these two exchanged 
products (Pnma for Na
+
-BIRM-1 and Ibca for Co
2+
-BIRM-1), structure determination 
was not pursued. Constructing a suitable structure model for the refinement against 
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laboratory XRD data would be seriously compromised by problems in distinguishing 
Na, O, and N atoms, which all have similar scattering power, and was considered 
likely to be too unreliable. 
 
4.7  Conclusion 
The ion exchange properties of BIRM-1 have been studied and analyzed in detail by 
powder XRD, SEM/EDX, TGA and FTIR. These demonstrated that lithium, sodium 
and potassium ion-exchanged products had been successfully achieved with the 
structure maintained, suggesting that further ion exchange with other metal cations 
may be possible. The use of Rietveld refinement against laboratory powder X-ray 
diffraction data has been demonstrated in the determination of the K
+
-BIRM-1 
structure. Although laboratory X-ray data is not ideal for solving a structure 
containing many light atoms, this refined structure is quite close to the single crystal 
structure obtained more recently. Due to the weak X-ray scattering power of the 
lithium ion, and the lack of a good structural model for Na
+
-BIRM-1, the structures of 
these two exchanged samples were not determined. 
 
  
140 
 
 
 
 
Chapter 5 
Ion Exchange of BIRM-1 with Divalent 
Cations: Cobalt(II), Manganese(II) and 
Magnesium(II) 
 
 
5.1  Introduction 
Having successfully exchanged several alkali metal ions into the structure of BIRM-1, 
investigations into divalent cations were undertaken in this chapter. As Hoang et al.
153, 
154
 and Hamaed et al.
155
 reported, the transition metals in low oxidation states could 
function as ideal binding sites for molecular hydrogen through the Kubas 
interaction
156
, thus ion exchange experiments with manganese (II) and cobalt (II) were 
studied. Further ion exchange attempts with another divalent cation, magnesium, were 
carried out as well for comparison. The spectroscopic, thermal properties and 
structure of these exchanged products were investigated. 
 
 
5.2  Experimental 
5.2.1 Ion Exchange with Cobalt(II), Magnesium and Manganese(II) Ions 
 
Ion exchange experiments on BIRM-1 powders were performed on unground crystals 
by conventional methods. 1 × 10
–3 
mol BIRM-1 was mixed with 50 ml of 0.1 M 
cobalt, magnesium and manganese acetate aqueous solutions, respectively. After 
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stirring for 10 minutes, the pH values of the solutions were adjusted to around 5.50 
with hydrochloric acid. Then the reaction systems were sealed in a flask and very 
slowly stirred for 24 hours at ambient temperature. Single crystal XRD data were 
obtained using a Bruker APEXII CCD diffractometer at the window of a Bruker 
FR591 rotating anode with Mo-K (Mo-K = 0.71073 Å) radiation at 120 K, and the 
structures were analyzed by Dr. Louise Male. 
 
5.3  Cobalt(II)-Exchanged BIRM-1 (Co2+-BIRM-1) 
Ion exchange attempts with divalent ions were initially performed with cobalt(II) ions, 
as this transition metal could provide good metal binding sites for gas adsorption
84,157
, 
and its pink color could be an obvious indication of a successful ion exchange. The 
hydrated radius of cobalt ion (2.95 Å)
143
 is smaller than the pore diameter (7.6 Å). 
 
5.3.1 Laboratory Powder XRD 
 
After ion exchange, the colour of the crystals had changed from white to light pink. 
Powder XRD patterns (Figure 5.1) indicated that the structure remained in highly 
crystalline form after the treatment, and showed clear differences from the XRD 
pattern of BIRM-1, analogous to those observed in Na
+
-BIRM-1. 
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Fig. 5.1 (a) Powder XRD patterns of Co
2+
-BIRM-1 and (b) BIRM-1, illustrating the peak 
splitting observed. 
 
Peaks broadened and split in the same place and also extra peaks appeared 
after ion exchange, for which there were several possible explanations. Samples could 
contain both BIRM-1 and a new cobalt-exchanged phase which had different lattice 
parameters. Alternatively, an exchanged compound may have been formed, in which a 
small structural distortion occurred resulting in a lowering of symmetry that led to the 
splitting of peaks in the XRD patterns. A reduction in symmetry was then proved by 
indexing the powder X-ray diffraction pattern (Table 5.1). 
 
Table 5.1 Lattice parameters of BIRM-1 and Co
2+
-BIRM-1. 
 BIRM-1 Co
2+
-BIRM-1 
Crystal System Tetragonal Orthorhombic 
Space Group I41/acd Ibca 
a/Å 22.302(2) 18.1894(4) 
b/Å 22.302 21.5294(6) 
c/Å 17.738(1) 22.4930(5) 
Volume/Å
3
 8822.6(1) 8812.8(4) 
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5.3.2 SEM and EDX 
 
The morphology of Co
2+
-BIRM-1 was examined by SEM showing the phase to 
consist of needle-like crystals but crushed into small pieces after the ion exchange 
(Figure 5.2). The presence of the cobalt ion was investigated by EDX (Table 5.2). The 
results revealed that cobalt ions were contained in the examined crystals, indicating a 
successful ion exchange. The average molar ratios of Zn:P:Co calculated were 
1:1:0.29,in good agreement with the theoretical value molar ratio value of Zn:P, and 
the degree of ion exchange rate therefore was estimated to be 60% as one cobalt ion 
replaces two ammonium ions. 
 
 
Fig.5.2 SEM images of Co
2+
-BIRM-1. 
 
Table 5.2 EDX results for Co
2+
-BIRM-1 crystals. 
  Zn P Co  
      
 
 
 
 
 
 
 
 
 17.20 17.78 5.63  
 17.57 18.62 4.03  
 23.53 22.84 5.78  
 18.05 18.39 4.09  
 22.78 22.10 4.52  
 21.57 21.21 5.38  
 22.43 20.37 5.30  
 20.04 19.65 3.51  
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Spectrum 
(Atomic %) 
 18.03 18.07 7.62  
 19.33 20.05 6.35  
 16.52 17.83 9.47  
 18.91 17.22 8.54  
 22.69 21.60 3.95  
 20.13 17.20 5.73  
 18.28 16.96 4.78  
 18.87 17.15 4.79  
 19.25 17.95 5.48  
      
Std. Deviation  2.16 1.91 1.64  
Mean  19.72 19.12 5.59  
Molar Ratio  1.03 1 0.29  
 
5.3.3 Thermal Stability 
 
As is apparent from the TG curve (Figure 5.3), the cobalt-exchanged product revealed 
a total weight loss of 40% up to 900°C. In the DTA trace, the endothermic peak at 
120°C was attributable to loss of water and emission of small amounts of NH3 (Figure 
5.4). Above this temperature the material kept on losing weight gradually and did not 
show very clear weight loss steps. At about 500°C, one sharp and two shoulder 
exothermic peaks were observed which indicated collapse of the structure. Release of 
NH3, H2O and CO2 were then detected by mass spectrometry. Eventually the residue 
reacted further with O2, which generated a quite broad exothermic peak at 660°C as a 
result of the CO2 release step. 
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Fig. 5.3 TGA (black trace) and DTA (blue trace) of Co
2+
-BIRM-1. 
 
Fig. 5.4 TGA (black trace) of Co
2+
-BIRM-1, and mass analyses of m/z = 16 (red trace), m/z = 
17 (green trace), m/z = 18 (blue trace) and m/z = 44 (purple trace). 
 
After heating, the material left in the crucible was identified by powder XRD 
as a mixture of Zn2Co(PO4)2
158
 with a small amount of Zn2P2O7
159
 (Table 5.3). 
Quantitative phase analysis (Figure 5.5) was carried out through Rietveld refinement 
of the structures in GSAS
126, 127
 suggesting the molar ratio of Zn:P:Co was about 
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1:1:0.42. As the bump was again observed at lower two-theta angles from the XRD 
pattern, this inconsistency compared with EDX results could be therefore explained 
by the presence of poorly crystalline material. 
 
Table 5.3 Quantitative phase analysis results. 
Phase Weight Percentage (%) 
Zn2Co(PO4)2 86.32(5) 
Zn2P2O7 13.7(2) 
 
 
 
Fig. 5.5 Final observed (crosses), calculated (solid line), difference (below) and reflection 
positions [red top lines indicate peaks from Zn2Co(PO4)2 and black lower lines indicate peaks 
from Zn2P2O7] for the final Rietveld refinements against powder XRD data for Co
2+
-BIRM-1 
TGA products, χ2 = 1.698, Rwp = 3.04%, Rp = 2.31%. 
 
5.3.4 Fourier Transform Infrared Spectroscopy 
 
The FTIR spectrum for Co
2+
-BIRM-1 was very much the same as seen for the alkali 
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metal-exchanged products and not very different from that of BIRM-1 (Table 5.4). 
The IR spectrum of BIRM-1 (Figure 5.6a) exhibited a very broad and overlapped 
peak at around 3200 and 3050 cm
−1
 due to stretching vibrations of O–H from the 
coordinated water molecules and N–H stretches, but the broad band occurring at 
around 3050 cm
−1
 almost vanished after ion exchange, which can be attributed to the 
decrease in N–H vibrations caused by the removal of the exchangeable ammonium 
cations (Figure 5.6b). The IR data thus give further indications that structure was 
sustained after ion exchange and that cobalt ions were introduced into the porous 
structure by exchanging with ammonium cations. 
 
Fig. 5.6 FTIR spectra for (a) BIRM-1 and (b) Co
2+
-BIRM-1; the pink area illustrates the peak 
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disappearing after ion exchange. 
 
Table 5.4 Observed FTIR peaks and assignments for Co
2+
-BIRM-1. 
Peak (cm
−1
) Assignment 
3200 O–H (H2O) 
1583 COO
–
 (sym) 
1312 C–O 
1406 COO
–
 (asym) 
1422 P–C 
1150–950 P–O 
 
5.4  Manganese (II)-Exchanged BIRM-1 (Mn2+-BIRM-1) 
Taking the findings of Hoang
153, 154
 and Hamaed
155
 on the possibility of using Kubas 
ions as a binding site for hydrogen adsorption into account, exchange of an earlier 
transition series element, manganese, into BIRM-1 was attempted. The hydrated 
radius of the manganese(II) ion is 2.86 Å
143
, again much smaller than the pore size of 
BIRM-1. 
 
5.4.1 Laboratory Powder XRD 
 
The powder XRD pattern again showed clear alterations after manganese-ion 
exchange, compared to the XRD pattern of BIRM-1 (Figure 5.7). Peaks appeared 
broadened and split showing evidence of a lower symmetry phase, which was similar 
to the sodium and cobalt-exchanged products. However, the extra peak observed at 
around 9° was consistent with the sodium-exchanged phase but not the cobalt phase 
representing a small structural difference, which was then verified by indexing the 
pattern (Table 5.5) in space group Pban. 
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Fig. 5.7 (a) Powder XRD patterns of Mn
2+
-BIRM-1 and (b) BIRM-1, illustrating the peak 
splitting and extra peak observed. 
 
Table 5.5 Lattice parameters of BIRM-1 and Mn
2+
-BIRM-1. 
 BIRM-1 Mn
2+
-BIRM-1 
Crystal System Tetragonal Orthorhombic 
Space Group I41/acd Pban 
a/Å 22.302(2) 22.5522(5) 
b/Å 22.302 22.2562(4) 
c/Å 17.738(1) 18.4730(4) 
Volume/Å
3
 8822.6(1) 8855.5(3) 
 
5.4.2 SEM and EDX 
 
SEM with EDX were employed to scan the manganese-exchanged crystals to estimate 
the degree of ion exchange. The results revealed that ion exchange was successfully 
achieved in the needle-shaped crystals (Figure 5.8). The average molar ratio of Zn: P: 
Mn was 1.03: 1: 0.33 (Table 5.6). The molar ratio of Zn to P was very close to the 
theoretical value (1: 1), and the average molar ratio of Mn of Zn/P was about 0.33: 1. 
So the degree of ion exchange could be roughly estimated to be 66%. 
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Fig. 5.8 Selected SEM images for Mn
2+
-BIRM-1. 
 
 
Table 5.6 EDX results for Mn
2+
-BIRM-1 crystals. 
  Zn P Mn  
      
  17.15 15.73 4.57  
 
 
 
 
 
 
Spectrum 
(Atomic %) 
 23.01 20.10 7.73  
 15.51 13.86 4.41  
 14.54 16.57 5.01  
 18.47 19.38 5.66  
 20.11 18.72 5.82  
 23.07 21.66 6.50  
 21.14 20.92 7.12  
 13.60 15.90 5.04  
 12.67 14.45 4.43  
 19.82 21.02 7.12  
 20.38 22.08 7.21  
 24.83 23.84 8.14  
 21.41 21.41 7.00  
 24.29 23.23 8.52  
 17.24 18.90 5.99  
 21.34 21.32 7.20  
      
Std. Deviation  3.60 2.96 1.28  
Mean  19.33 19.36 6.32  
Molar Ratio  1 1 0.33  
 
 
5.4.3 Thermal Stability 
 
TGA of the manganese-exchanged product disclosed a total weight loss of about 39.2% 
at 900°C (Figure 5.9). From the DTA curve, an endothermic peak appeared at 140°C, 
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which can be attributed to the removal of water in the structure accompanied by the 
release of a small amount of residual ammonia (Figure 5.10). This process began 
almost as soon as heating was initiated and occurred in one big weight loss step. At 
510°C, a sharp exothermic peak appeared in the DTA curve, which indicated the 
collapse of the structure and decomposition of the organic ligand groups.  
 
Fig. 5.9 TGA (black trace) and DTA (blue trace) of Mn
2+
-BIRM-1. 
 
Fig. 5.10 TGA (black trace) of Mn
2+
-BIRM-1, and mass analyses of m/z = 16 (red trace), m/z 
= 17 (green trace), m/z = 18 (blue trace) and m/z = 44 (purple trace). 
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The residual solid after heating was then examined by powder XRD. It has 
been identified as a mixture of Zn2.25Mn0.75(PO4)2
160
 and Zn2P2O7
159
 (Table 5.7). 
Quantitative phase analysis revealed the molar ratio of Zn: P: Mn was 1:0.9:0.29 
which varied slightly from the EDX result (Figure 5.11). Note the background 
suggests amorphous material was also present. The presence of manganese ions in the 
final TGA products may be taken as good evidence that manganese ions were 
exchanged into the structure of BIRM-1. 
 
Table 5.7 Quantitative phase analysis results. 
Phase Weight Percentage (%) 
Zn2.25Mn0.75(PO4)2 88.11(6) 
Zn2P2O7 11.9(1) 
 
 
Fig. 5.11 Final observed (crosses), calculated (solid line), difference (below) and reflection 
positions [red top lines indicate peaks from Zn2.25Mn0.75(PO4)2 and black lower lines indicate 
peaks from Zn2P2O7] for the final Rietveld refinements against powder XRD data for 
manganese ion-exchanged BIRM-1 TGA products, χ2 = 1.435, Rwp = 4.53%, Rp = 3.4%. 
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5.4.4 Fourier Transform Infrared Spectroscopy 
 
The FTIR spectrum of Mn
2+
-BIRM-1 contained clear information regarding the 
nature of the zinc carboxyethylphosphonate framework and was akin to those of the 
previous ion-exchanged products (Table 5.8). The main feature was again that the 
peak at about 3050 cm
−1
 arising from the stretching mode of the N–H bond which 
disappeared after exchange with manganese ions (Figure 5.12b), representing a 
decrease in the amount of ammonium ions inside the structure after ion-exchange. 
 
Fig. 5.12 FTIR spectra for (a) BIRM-1 and (b) Mn
2+
-BIRM-1; the pink area illustrates the 
peak disappearing after ion exchange. 
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Table 5.8 Observed FTIR peaks and assignments for Mn
2+
-BIRM-1. 
Peak (cm
–1
) Assignment 
3200 O–H (H2O) 
1587 COO
–
 (sym) 
1311 C–O 
1403 COO
–
 (asym) 
1420 P–C 
1150–950 P–O 
 
5.5  Magnesium-Exchanged BIRM-1 (Mg2+-BIRM-1) 
Following the success of the cobalt and manganese ion-exchange experiments, 
attempts were then carried out with magnesium ions. The hydrated radius of the 
magnesium ion is 2.99 Å
143
, smaller than the pore size of BIRM-1. 
 
5.5.1 Laboratory Powder XRD 
 
The powder XRD pattern (Figure 5.13) confirmed the structure was maintained intact 
with good crystallinity after ion exchange. Peak splittings were again observed after 
magnesium ion exchange indicating a lower symmetry structure was obtained, similar 
to the XRD patterns of the cobalt- and manganese-exchanged products; this was 
verified by the indexing results (Table 5.9). 
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Fig. 5.13 (a) Powder XRD patterns of Mg
2+
-BIRM-1 and (b) BIRM-1, illustrating the peak 
splitting observed. 
 
 
Table 5.9 Lattice parameters of BIRM-1 and Mg
2+
-BIRM-1. 
 BIRM-1 Mg
2+
-BIRM-1 
Crystal System Tetragonal Orthorhombic 
Space Group I41/acd Ibca 
a/Å 22.302(2) 18.1859(5) 
b/Å 22.302 21.5355(7) 
c/Å 17.738(1) 22.4777(6) 
Volume/Å
3
 8822.6(1) 8803.2(4) 
 
5.5.2 SEM and EDX 
 
SEM images showed the morphology of the exchanged products was maintained well 
after ion exchange (Figure 5.14), although slight damage on the surface of the 
needle-shaped crystals was apparent. The presence of the magnesium ions inside the 
examined crystals was then proved by EDX (Table 5.10), showing magnesium ions 
were contained inside the examined crystals. The average molar ratio of Zn:P:Mg was 
calculated to be 1:1:0.16, which was in good accordance with the theoretical Zn:P 
156 
 
value (1:1). Therefore the degree of ion exchange was estimated to be around 32%. 
This EDX result showed evidence for a successful ion exchange, albeit to a smaller 
degree than had been seen for the other divalent cations. 
 
 
 
Fig 5.14 SEM images for Mg
2+
-BIRM-1. 
 
Table 5.10 EDX results for Mg
2+
-BIRM-1 crystals. 
  Zn P Mg  
      
 
 
 
 
 
 
Spectrum 
(Atomic %) 
 24.72 22.25 2.41  
25.46 23.50 3.57  
25.55 24.32 3.21  
27.11 23.78 3.11  
19.27 21.21 3.33  
19.15 20.61 3.33  
20.05 22.14 3.77  
19.05 20.21 2.95  
17.05 17.66 3.66  
20.45 21.27 3.85  
21.14 22.19 3.14  
21.61 23.17 3.78  
22.16 19.91 3.65  
18.37 19.37 3.52  
19.92 20.34 3.29  
22.82 21.00 3.53  
      
Std. Deviation  2.83 1.72 0.36  
Mean  21.49 21.43 3.38  
Molar Ratio  1 1 0.16  
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5.5.3 Thermal Stability 
 
TGA of Mg
2+
-BIRM-1 gave similar results to those of the cobalt and 
manganese-exchanged products. The magnesium-exchanged product showed a nearly 
continuous mass loss up to 600°C in roughly two steps (Figure 5.15). DTA and mass 
spectrum curves suggest that the weight loss for the first step at about 140°C 
corresponds to the removal of water as well as some ammonia from residual NH4
+
 
ions (Figure 5.16). The appearance of the broad exothermic peak at about 530°C, 
marked the decomposition of the coordination network and release of NH3, CO2 and 
H2O. After that there was almost no mass loss observed and the final weight loss was 
found to be 43.9%. 
 
Fig. 5.15 TGA (black trace) and DTA (blue trace) of Mg
2+
-BIRM-1. 
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Fig. 5.16 TGA (black trace) of Mg
2+
-BIRM-1, and mass analyses of m/z = 16 (red trace), m/z 
= 17 (green trace), m/z = 18 (blue trace) and m/z = 44 (purple trace). 
 
The solid residue after heating was identified by powder XRD as a mixture of 
Zn2Mg(PO4)2
161
 and two different Zn2P2O7 phases
159, 162
 (Table 5.11 and Figure 5.17). 
Quantitative phase analysis found out that the molar ratio of Zn:P:Mg was 1:1:0.4. 
Again this magnesium content was inconsistent ith the results obtained from EDX and 
can probably be assigned by the existence of a poorly crystalline phase mixed within 
the TGA residue. 
 
Table 5.11 Quantitative phase analysis result. 
Phase Weight Percentage (%) 
Zn2Mg(PO4)2 82.11(4) 
Zn2P2O7
162
 9.2(3) 
Zn2P2O7
159
 8.7(1) 
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Fig. 5.17 Final observed (crosses), calculated (solid line), difference (below) and reflection 
positions [blue top lines indicate peaks from Zn2Mg(PO4)2 and black/red lower lines indicate 
peaks from two Zn2P2O7 phases] for the final Rietveld refinements against powder XRD data 
for magnesium-exchanged BIRM-1 TGA products; χ2 = 2.819, Rwp = 6.90%, Rp = 5.05%. 
 
 
5.5.4 Fourier Transform Infrared Spectroscopy 
 
FTIR spectra of Mg
2+
-BIRM-1 again showed reduction in intensity of the N–H stretch 
vibrations occurring at around 3050 cm
−1
 after ion exchange, representing the 
replacement of ammonium ions by magnesium ion-exchange (Figure 5.18). The rest 
of the IR spectrum was qualitatively comparable to that of BIRM-1 (Table 5.12). This 
provides additional evidence for magnesium ion exchange. 
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Fig. 5.18 FTIR spectra for (a) BIRM-1 and (b) Mg
2+
-BIRM-1; the pink area illustrates the 
peak disappearing after ion exchange. 
 
 
 
Table 5.12 Observed FTIR peaks and assignments for Mg
2+
-BIRM-1. 
Infrared shift Assignment 
3200 O–H (H2O) 
1590 COO
–
 (sym) 
1309 C–O 
1404 COO
–
 (asym) 
1418 P–C 
1150–950 P–O 
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5.6  Structure Determination of Co2+-BIRM-1 
5.6.1 Structure Determination by Single Crystal X-ray Diffraction 
 
An attempt to determine the structure of Co
2+
-BIRM-1 was made by single crystal 
XRD in early stages of this project (see Appendix 5 for full structure details). 
Although the spectroscopic evidence suggested the existence of cobalt ions in the 
structure, it was not possible to determine precisely atom types and refine the 
positions inside the channels, as the positions of water oxygen atoms, ammonium 
nitrogen atoms as well as the cobalt ions were very highly disordered. So only the 
zinc carboxyethylphosphonate network of the structure was successfully refined 
(Figure 5.19). Powder diffraction data indicated that the crystal system was 
orthorhombic rather than tetragonal, and it was concluded that it was the contents of 
the channels that caused this reduction in symmetry (Table 5.13). This partial structure 
solution nevertheless enabled us to attempt structure determination from powder XRD 
data. 
 
Table 5.13 Lattice parameters of BIRM-1 and Co
2+
-BIRM-1. 
 BIRM-1 Co
2+
-BIRM-1
†
 
Crystal System Tetragonal Orthorhombic 
Space Group I41/acd Ibca 
a/Å 22.302(2) 17.9820(6) 
b/Å 22.302(2) 21.963(1) 
c/Å 17.738(1) 22.227(1) 
Volume/Å
3
 8822.6(1) 8778.0(7) 
† Data obtained from single crystal XRD structure analysis 
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Fig. 5.19 Structural model for Co
2+
-BIRM-1 viewed along the x-axis; hydrogen atoms have 
been omitted for clarity; colour scheme: Zn – turquoise, P – purple, O – red and C – black. 
 
5.6.2 Structure Determination by Powder X-ray Diffraction 
 
Confirmation that cobalt ions were exchanged into BIRM-1 led us attempt structural 
analysis through Rietveld refinement against laboratory powder X-ray diffraction data 
collected over 6 hours. As cobalt is a heavier element with much greater scattering 
power than that of oxygen and nitrogen, we attempted first to find the cobalt ion 
positions with the assistance of difference Fourier maps. The empty framework 
structure (Figure 5.19) obtained from the single crystal XRD was used as the starting 
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model for this refinement. The unit cell, background and profile parameters obtained 
from the previous Le Bail fit were imported directly into the refinement. 
 
Table 5.14 Refinement parameters of bond/non-bonding length and bond angle restraints; 
colour scheme: Zn – turquoise, P – purple, O – red and C – black.  
   
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bond Distance (Å) Bond Distance (Å) Bond Angle Angle (°) 
Zn1–O10 2.0 C4–C5 1.5 C1–O2–Zn1 124.3 
Zn1–O5 2.0 C6–C5 1.5 O2–C1–O3 122.1 
Zn1–O1 2.0 C6–P2 1.8 O3–C1–C2 123.1 
Zn1–O2 2.0 P2–O10 1.5 O2–C1–C2 114.7 
C1–O2 1.3 P2–O1 1.5 C1–C2–C3 115.6 
C1–O3 1.2 P2–O9 1.5 C2–C3–P1 111.8 
C1–C2 1.5 O6–O7 3.4 Zn2–O7–C4 121.0 
C2–C3 1.5 O4–O7 3.0 O7–C4–O8 125.7 
C3–P1 1.8 O4–O6 3.2 O7–C4–C5 112.3 
O4–P1 1.5 O9–O4 3.2 O8–C4–C5 121.8 
O5–P1 1.5 O9–O7 3.2 C4–C5–C6 116.2 
O6–P1 1.5 O9–O6 3.1 C5–C6–P2 110.8 
Zn2–O6 2.0 O10–O5 3.2   
Zn2–O9 2.0 O10–O2 2.9   
Zn2–O4 2.0 O10–O1 3.2   
Zn2–O7 2.0 O2–O1 3.4   
C4–O7 1.2 O5–O1 3.1   
C4–O8 1.2 O2–O5 3.2   
 
Without restraint, the framework was found to be significantly distorted after 
only a few cycles of least squares refinements and the light atoms drifted away from 
reasonable locations. Unlike the refinement for K
+
-BIRM-1, due to the absence of 
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significant levels of electron density inside the channels, applying only soft bond 
distance restraints was not adequate to maintain the structure. As a consequence soft 
angle restraints for the organic ligand and selected non-bonding distance restraints 
(Table 5.14) were added. With these restraints a reasonable framework structure could 
be produced with Rwp = 20.69% and Rp = 16.53%, which was very slightly distorted 
compared with the structure obtained from the single crystal XRD (Figure 5.20). 
 
Fig. 5.20 Refined structural model for Co
2+
-BIRM-1 with soft restraints, viewed along the 
x-axis; hydrogen atoms have been omitted for clarity; colour scheme: Zn – turquoise, P – 
purple, O – red and C – black. 
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Difference Fourier maps were then calculated to find the positions of the extra 
framework atoms. As the scattering power of cobalt in X-ray diffraction is much 
greater than that of water oxygen or ammonium nitrogen atoms, it was hoped to find 
positions with higher electron density that could be distinguished from the water 
oxygen atoms and ammonium nitrogen atoms. Of the forty most intense electron 
density difference peaks, twenty positions turned out to result from misfit or noise 
around the framework atoms. Thus these positions were not considered as exchanged 
cobalt ion sites. For the rest of the positions, with the assistance of interatomic 
distances
163
 (Table 5.15), if the distance of the position to the closest atom from the 
framework e.g. oxygen was shorter than 2 Å, it could not be a cobalt, water oxygen or 
ammonium nitrogen atom. If the distance was between 2 Å and 2.8 Å, then this site 
could probably be attributed to a missing cobalt site. If the distance was longer than 
2.8Å, any of these three types of atoms could occupy this site. With the categorization 
of the interatomic distance, twelve hypothetical sites were then considered for 
addition to the refinement (Table 5.16). 
 
The above method is suitable to discern incorrect positions from possible real 
sites, but it does not definitively draw a dividing line between cobalt atoms and 
oxygen/nitrogen atoms. Thus in the subsequent refinement, on including these twelve 
sites in the model, they were all assumed to be cobalt atoms in the first instance. 
When the occupancies of several sites refined to negative values after only a few least 
squares cycles, these sites were considered more likely to be oxygen or nitrogen sites, 
and were included as oxygen. If the occupancies of certain of these refined to be 
higher than one, then these sites could be occupied only by cobalt ions. When this 
procedure was exhausted, the element types for eight hypothetical sites had been 
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allocated the remaining four being disregarded owing to negative occupancies after 
both refinements (Table 5.17).  
 
Table 5.15 Interatomic distances, generated from ionic radii of each element. 
Bond Type Distance (Å) 
dCo-O 2.1 
dCo-C 0.9 
dO-O 2.7 
dO-C 1.5 
dN-O 2.8 
dN-C 1.6 
 
Table 5.16 Calculated atomic positions for extra framework sites inside the structure, 
generated from difference Fourier maps. 
Position 
Counter  
Height 
Site 
Coordination  
(x, y, z) 
Distance (Å)
†
 
1 31.82 16f 0.1150, 0.2534, 0.3739 dZn1 = 0.09 
2 18.364 16f 0.2392, 0.3157, 0.0857 dP1 = 0.08 
3 16.874 16f 0.0024, 0.1512, 0.4156 dP2 = 0.01 
4 16.775 16f 0.0025, 0.1512, 0.4155 dP2 = 0.01 
5 7.569 16f 0.0581, 0.1857, 0.3730 dO10 = 0.10 
6 7.351 16f 0.0716, 0.3141, 0.4215 dO1 = 0.19 
7 7.037 16f 0.1624, 0.3073, 0.0658 dO6 = 0.11 
8 6.93 16f 0.1989, 0.1265, 0.4349 dO4 = 0.20 
9 6.392 16f 0.2062, 0.2363, 0.4063 dO5 = 0.13 
10 6.27 16f 0.1165, 0.2744, 0.1269 dO6 = 1.80 
11 6.216 16f 0.0436, 0.1553, 0.4791 dO9 = 0.18 
12 5.905 16f 0.1355, 0.3876, 0.4958 - 
13 5.493 16f 0.0475, 0.4341, 0.0869 dO8 = 0.26 
14 5.406 16f 0.2061, 0.3429, 0.2806 dO3 = 0.09 
15 5.24 16f 0.1283, 0.4486, 0.0155 dO7 = 0.24 
16 5.183 16f 0.2080, 0.3334, 0.1546 dC3 = 0.12 
17 5.124 16f 0.1220, 0.2617, 0.2957 dO2 = 0.19 
18 4.791 16f 0.1655, 0.2992, 0.2616 dC1= 0.16 
19 4.628 16f 0.0339, 0.4168, 0.4027 dC6 = 0.18 
20 4.504 16f 0.0842, 0.4699, 0.0520 dC4 = 0.11 
21 4.014 16f 0.1589, 0.2774, 0.2007 dC2 = 0.30 
22 3.855 16f 0.2471, 0.1929, 0.0946 dO5 = 1.67 
23 3.519 16f 0.2149, 0.1471, 0.0562 - 
24 3.401 16f 0.0854, 0.4554, 0.4497 dO6 = 1.57 
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25 3.29 16f 0.1391, 0.2489, 0.0374 dC5 = 0.02 
26 3.102 16f 0.2320, 0.3374, 0.4115 - 
27 2.897 16f 0.1146, 0.1919, 0.0393 - 
28 2.726 16f 0.0413, 0.2349, 0.2181 - 
29 2.598 16f 0.1541, 0.1185, 0.1863 - 
30 2.597 16f 0.1280, 0.1523, 0.4409 dO4 = 1.42 
31 2.595 16f 0.1353, 0.0741, 0.0174 - 
32 2.591 16f 0.1250, 0.3065, 0.4801 dO1 = 1.61 
33 2.538 16f 0.1675, 0.1062, 0.1107 - 
34 2.435 16f 0.2153, 0.0241, 0.0609 - 
35 2.426 16f 0.0694, 0.4160, 0.0003 dO7 = 1.48 
36 2.409 16f 0.1908, 0.2500, 0.1140 dO6 = 1.80 
37 2.34 16f 0.2194, 0.1601, 0.3600 dC3 = 1.48 
38 2.312 8c 0.0615, 0.5000, 0.2500 - 
39 2.294 16f 0.0022, 0.0008, 0.0005 - 
40 2.285 16f 0.1159, 0.2395, 0.1732 - 
           † Distance to the closest framework atom 
 
Table 5.17 Extra framework site decisions, derived from refined occupancies. 
Position Distance (Å)
†
 Assumption Refine as Co Refine as O Decision 
12 
dC5 = 2.0 
Co 
Negative 
value 
Negative 
value 
Disregard 
dO1 = 2.4 
23 dO5 = 2.9 N/O/Co 0.22 0.68 O
‡
 
26 dO5 = 2.2 Co 
Negative 
value 
Negative 
value 
Disregard 
27 dO1 = 2.7 N/O/Co 0.25 0.65 O 
28 dO2 = 2.2 Co 0.22 0.55 Co 
29 dO3 = 2.8 N/O/Co 0.46 1.31 Co 
31 
dC5 = 1.9 
N/O/Co 0.03 0.13 O 
dO7 = 2.6 
33 dO3 = 3.5 N/O/Co 0.03 0.12 O 
34 dO7 = 2.7 N/O/Co 0.4 1.06 Co 
38 dO3 = 3.4 N/O/Co 0.57 1.58 Co 
39 
dC4 = 2.0 
Co 
Negative 
value 
Negative 
value 
Disregard 
dO8 = 2.2 
40 
dC2 = 1.5 
O/N/Co 
Negative 
value 
Negative 
value 
Disregard 
dO2 = 2.7 
† Distance to the closest framework atom; ‡ it was impossible to distinguish nitrogen and oxygen atoms 
in this refinement, so all the non-cobalt atoms were assumed to be oxygen in the refinement as they 
were more abundant in the structure. 
 
 
Then following the same difference Fourier map result used above, sixty other 
sites were then generated subsequently for searching the water oxygen positions. By 
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analysis of the interatomic distances (Table 5.15), only twenty-six positions were 
considered to be water oxygen locations, and four positions were possibly cobalt sites. 
The intensities of these four cobalt sites were relatively small, so if these positions 
were real cobalt sites, the occupancy of such sites would be very low; consequently 
these locations were not included in the following refinements. With the previous 
eight sites together, four cobalt positions and thirty water oxygen positions were 
finally added to the refinement.  
 
Taking into account the EDX results, the overall occupancy of the four cobalt 
sites was constrained to be equivalent to 0.6 cobalt atoms per formula unit in order to 
keep the molar ratio of Zn:Co to 1:0.3. Then oxygen atoms with the occupancy of 0.1 
were inserted at each of thirty positions. All the isotropic thermal displacement 
parameters of these newly added thirty-four sites were set to be 0.025 and the 
occupancies were damped and refined simultaneously. Sites that refined to negative or 
near zero occupancy were then eliminated, and the framework was included in the 
refinement. After a number of least squares cycles, a reasonable fit could be achieved 
with χ2 = 7.737, Rwp = 5.83% and Rp = 4.16%. Details on the atomic positions, 
distances and angles can be found in Figures 5.21–5.22 and Tables 5.18–5.21. 
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Fig. 5.21 Final observed (crosses) and calculated (solid line) powder X-ray diffraction 
patterns, with difference (below) and reflection positions (middle), for the final Rietveld 
refinement of Co
2+
-BIRM-1; χ2 = 7.737, Rwp = 5.83% and Rp = 4.16%. 
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Fig. 5.22 Refined structure of Co
2+
-BIRM-1 viewed along the z-axis, illustrating the atomic positions of exchanged cobalt atoms and 
water oxygen atoms (right). Blue dashed lines indicate one unit cell (left); colour scheme: Zn – turquoise, P – purple, N – green, O – red, C 
– black and Co – blue. 
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Table 5.18 Refined atomic positions for Co
2+
-BIRM-1; framework hydrogen atoms were 
placed geometrically after the refinement was complete. 
Atom Mult. x y z Occupancy Uiso 
C1 16 0.650(3) 0.313(2) 0.237(2) 1 0.045(2) 
C2 16 0.683(2) 0.286(2) 0.304(2) 1 0.047(2) 
H21 16 0.7204 0.2532 0.2980 1 - 
H22 16 0.6418 0.2695 0.3294 1 - 
C3 16 0.718(2) 0.345(2) 0.334(2) 1 0.040(2) 
H31 16 0.7606 0.3595 0.3093 1 - 
H32 16 0.6803 0.3794 0.3356 1 - 
C4 16 0.594(3) 0.490(2) 0.443(2) 1 0.046(2) 
C5 16 0.554(3) 0.548(2) 0.459(2) 1 0.053(1) 
H51 16 0.5886 0.5782 0.4789 1 - 
H52 16 0.5125 0.5389 0.4866 1 - 
C6 16 0.527(2) 0.575(2) 0.405(2) 1 0.043(2) 
H61 16 0.5673 0.5746 0.3752 1 - 
H62 16 0.4853 0.5484 0.3907 1 - 
O1 16 0.570(2) 0.687(1) 0.420(1) 1 0.040(1) 
O2 16 0.626(2) 0.260(1) 0.216(1) 1 0.065(2) 
O3 16 0.703(2) 0.343(1) 0.214(1) 1 0.064(2) 
O4 16 0.786(1) 0.384(1) 0.430(1) 1 0.043(2) 
O5 16 0.797(2) 0.271(1) 0.413(1) 1 0.043(1) 
O6 16 0.675(2) 0.313(1) 0.444(1) 1 0.043(1) 
O7 16 0.622(2) 0.461(1) 0.481(1) 1 0.061(2) 
O8 16 0.556(2) 0.460(1) 0.413(1) 1 0.063(2) 
O9 16 0.456(2) 0.672(1) 0.474(1) 1 0.047(1) 
O10 16 0.453(2) 0.678(1) 0.358(1) 1 0.047(1) 
P1 16 0.7485(9) 0.3259(7) 0.4086(7) 1 0.036(4) 
P2 16 0.4958(9) 0.6497(7) 0.4137(7) 1 0.039(4) 
Zn1 16 0.6122(4) 0.2511(4) 0.1312(3) 1 0.040(2) 
Zn2 16 0.6389(4) 0.3734(4) 0.5026(4) 1 0.039(2) 
Co1 16 0.068(3) 0.244(3) 0.186(3) 0.094(4) 0.025 
Co2 16 0.156(2) 0.112(1) 0.183(1) 0.196(5) 0.025 
Co3 16 0.230(2) -0.999(1) 0.047(2) 0.168(4) 0.025 
Co4 8 0.196(2) 0.5 0.25 0.284(8) 0.025 
O11 16 0.204(2) 0.198(2) 0.045(2) 0.70(3) 0.025 
O12 16 0.085(2) 0.209(2) 0.044(2) 0.67(3) 0.025 
O13 16 0.202(3) 0.088(2) 0.122(2) 0.63(3) 0.025 
O14 16 0.328(4) 0.036(3) 0.214(3) 0.40(3) 0.025 
O15 16 0.182(2) 0.015(2) 0.335(2) 0.68(3) 0.025 
O16 16 0.245(4) 0.394(2) 0.463(2) 0.48(2) 0.025 
O17 16 0.214(3) 0.447(2) 0.356(2) 0.58(2) 0.025 
O18 16 0.023(3) 0.326(2) 0.120(3) 0.51(2) 0.025 
O19 16 0.063(6) 0.156(5) 0.112(5) 0.25(2) 0.025 
O20 16 0.116(4) 0.050(3) 0.353(3) 0.43(2) 0.025 
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O21 16 0.094(3) 0.092(2) 0.285(3) 0.52(2) 0.025 
O22 16 0.071(3) 0.437(2) 0.212(2) 0.61(2) 0.025 
O23 16 0.169(6) 0.040(5) 0.209(6) 0.28(3) 0.025 
O24 16 0.257(3) 0.141(2) 0.087(2) 0.59(2) 0.025 
O25 16 0.047(3) 0.098(3) 0.189(3) 0.52(2) 0.025 
O26 16 0.056(2) 0.175(2) 0.227(2) 0.69(2) 0.025 
O27 16 0.192(4) 0.040(4) 0.113(4) 0.38(3) 0.025 
O28 16 0.090(2) 0.086(2) 0.090(2) 0.73(2) 0.025 
O29 8 0.963(8) 0.5 0.25 0.24(4) 0.025 
O30 16 0.023(4) 0.147(4) 0.276(4) 0.34(2) 0.025 
O31 16 0.995(3) 0.269(1) 0.0550(9) 1 0.025 
O32 16 0.225(3) 0.092(2) 0.333(2) 0.44(2) 0.025 
 
Table 5.19 Selected bond distances for the Co
2+
-BIRM-1 framework. 
Bond Distance (Å) Bond Distance (Å) 
C1–O3 1.28(5) P2–O10 1.600(27) 
C1–O2 1.33(4) P1–O4 1.515(26) 
C1–C2 1.72(5) P1–O5 1.487(26) 
C2–C3 1.57(5) P1–O6 1.578(29) 
C3–P1 1.83(4) Zn2–O4 2.049(26) 
C4–O7 1.17(5) Zn2–O6 1.969(26) 
C4–O8 1.17(5) Zn2–O7 1.964(27) 
C4–C5 1.50(5) Zn2–O9 2.045(26) 
C5–C6 1.43(5) Zn1–O1 1.920(28) 
C6–P2 1.72(4) Zn1–O2 1.923(24) 
P2–O1 1.581(29) Zn1–O5 1.973(27) 
P2–O9 1.619(26) Zn1–O10 1.989(26) 
 
Table 5.20 Selected bond angles for Co
2+
-BIRM-1. 
Bond Angle Angle (°) Bond Angle Angle (°) 
O2–Zn1–O10 91.6(13) O6–P1–C3 104.2(19) 
O2–Zn1–O1 125.2(14) O5–P1–C3 115.1(21) 
O10–Zn1–O1 112.5(11) O4–P1–C3 104.3(20) 
O2–Zn1–O5 114.2(13) O1–P2–O9 99.0(18) 
O10–Zn1–O5 112.1(12) O1–P2–O10 106.8(16) 
O1–Zn1–O5 101.4(12) O9–P2–O10 109.5(18) 
O9–Zn2–O6 97.9(12) O1–P2–C6 102.0(20) 
O9–Zn2–O7 112.9(13) O9–P2–C6 121.1(19) 
O6–Zn2–O7 121.5(13) O10–P2–C6 115.5(21) 
O9–Zn2–O4 115.5(12) O3–C1–O2 122(4) 
O6–Zn2–O4 110.2(12) O3–C1–C2 105(4) 
O7–Zn2–O4 99.8(12) O2–C1–C2 98((4)) 
P1–O4–Zn2 116.2(18) C1–C2–C3 103.5(35) 
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C1–O2–Zn1 119.4(33) C2–C3–P1 109.1(32) 
C4–O7–Zn2 139(4) O7–C4–O8 113(5) 
P2–O1–Zn1 129.78 O7–C4–C5 119(5) 
P2–O9–Zn2 117.0(18) O8–C4–C5 108(5) 
P2–O10–Zn1 119.4(18) C6–C5–C4 108(4) 
O6–P1–O5 109.6(20) C5–C6–P2 113(4) 
O6–P1–O4 111.3(18) P1–O5–Zn1 131.2(21) 
O5–P1–O4 112.1(19) P1–O6–Zn2 120.3(18) 
 
Table 5.21 Selected interatomic distances for cobalt atoms (within 0–3 Å). 
Bond Distance (Å) 
Co1–C2 2.28(6) 
Co1–O2 2.47(6) 
Co1–C1 2.72(6) 
Co2–O3 2.821(30) 
Co3–O4 2.562(31) 
Co3–O7 2.59(4) 
Co3–O7 2.90(4) 
 
5.6.3 Discussion 
 
Rietveld refinement against laboratory powder XRD data was used with difference 
Fourier maps to examine the structure of Co
2+
-BIRM-1, a newly formed 
cation-exchanged metal organic framework material (Table 5.22). Lattice parameters, 
background and profile parameters were first fitted with the Le Bail method, then 
transferred into the structure refinement, and finally the cobalt ion sites were included 
in the model. 
 
Table 5.22 Experimental parameters and crystallographic data for Co
2+
-BIRM-1. 
X-ray facility Bruker D8, in transmission geometry 
Wavelength (Å) 1.54056 
Temperature Ambient temperature 
Profile range (°, 2θ) 5 – 90 
Step size (2θ) 0.0197 
Chemical formula C3Co0.6N0.2O10.8PZn 
Chemical formula weight 322.88 
Space group Ibca 
174 
 
a (Å) 18.1989(5) 
b (Å) 21.5312 (6) 
c (Å) 22.4941 (6) 
V (Å
3
) 8814.2 (4) 
Background parameters 22 
Profile parameters 8 
Rwp 5.72% 
Rp 4.08% 
χ2 7.434 
 
By ignoring scattering density in the channels, including the heaviest atoms 
(cobalt) the initial framework model derived from single crystal studies that was 
applied in this refinement was over-simplified to be used as a starting model. With 
only the zinc carboxyethylphosphonate framework, the refinement was unstable in the 
early stages, thus geometrical restraints on the variation of bond distances, bond 
angles and even non-bonding distances had to be applied to avoid structure distortion 
beyond chemically sensible limits. When the framework only refinement reached a 
stable point, Rwp only converged to a value of 20.69%. Therefore it was highly likely 
that incorrect positions would be generated together with the real ones when 
calculating difference Fourier maps to locate the extra framework atoms. Interatomic 
distances and refinement of occupancies were then employed to identify reasonable 
atom sites as well as determine element types. After adding the possible cobalt sites 
and water oxygen sites, the refinement of this new model proceeded smoothly with 
the structure soft restraints released in the final refinement. Bond lengths and bond 
angles of the structure converged to reasonable values and the exchanged cobalt 
cations were located in chemically sensible positions. The interatomic distances of the 
cobalt cations to the closest framework atoms (Table 5.21) were in the range of the 
coordination distances of Co
2+
 (2.3 Å – 2.8 Å) in the compilation of extra-framework 
sites in zeolite
148
. Due to the unreliability of the free water oxygen sites positions, the 
coordination environment of the exchanged cobalt cations were not further discussed. 
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The attempt to refine of this structure is not very satisfactory due to the 
limitation of the laboratory XRD data. As apparent from the refined structure (Figure 
5.22), cobalt ions were distributed over several sites and mostly concentrated in the 
larger channel. Taking the similarities in scattering power and ionic radii of oxygen 
and nitrogen atoms into account, it was considered to be almost impossible to 
distinguish water oxygen atoms from ammonium nitrogen atoms with only laboratory 
powder XRD data in this refinement, thus the rest of the atoms inside the channel 
were all refined as oxygen, and their site positions was also believed not very reliable 
due to the disordered positions and very low scattering power. Because it was difficult 
to account for all the ions or water oxygen atoms inside the channels, there was 
contrast generated between the low and medium angle diffraction intensities in the 
refinement caused by missing extra-framework atoms, making it difficult to determine 
the structure of cobalt-exchanged BIRM-1 determined precisely. The rather low 
isotropic temperature parameter applied to the newly added cobalt and oxygen atoms 
in the refinement was an endeavour to compensate for this deficiency of the structure, 
but this was not entirely effective.  
 
5.7  Structure Determination of Mg2+-BIRM-1 
Since Mg
2+
-BIRM-1 had a very similar XRD pattern to that of Co
2+
-BIRM-1 as well 
as the same space group, the structure determination of magnesium-exchanged 
BIRM-1was therefore carried out with the same methodology. The starting structure 
model was the same used in the above Co
2+
-BIRM-1 refinement, and similar 
bond/non-bonding distance and angle restraints were applied to help the refinement 
reach a reasonable fit with Rwp = 15.72%. Then difference Fourier maps were initially 
calculated to investigate the extra framework atom positions inside the channels. 
176 
 
However, due to the magnesium and oxygen ions having the same number of 
electrons and their relatively weak scattering power for X-rays, the very low 
magnesium content (16%, from EDX result) and the presence of lots of disordered 
water molecules inside the structure, using the refined occupancies to distinguish 
them was not as effective as it was for Co
2+
-BIRM-1. Although interatomic distance 
may provide some suggestions to distinguish the magnesium ions from water oxygen, 
too much uncertainty remained to determine the final structure. In view of this, further 
structure refinement attempts for Mg
2+
-BIRM-1were not carried out in this project. 
 
Nevertheless, in the final stages of writing up my thesis, the single crystal 
X-ray diffraction data for Mg
2+
-BIRM-1 collected by the UK National 
Crystallographic Service in Southampton was finally returned to us. The raw data was 
refined by Dr. Louise Male and the structure clearly indicates successful ion exchange 
(Figure 5.23 and Table 5.23). The zinc carboxyethylphosphonate network after ion 
exchange remains intact: the structure still has a three dimensional framework with 
channels. The phosphorus atom is tetrahedral in coordination with three oxygen atoms 
and one carbon atom. The zinc atom is coordinated by four oxygen atoms, one of 
which is from the carboxylate group of the organic ligand and shares other three 
oxygen atoms with three different CPO3 groups. The structure contains 0.50 
magnesium cations for every two zinc atoms with six-fold coordination of six water 
molecules (Figure 5.24, O101–O106) and located only inside the large channels 
around the framework. The remaining charge on the framework is balanced by the 
presence of one ammonium cation per two zinc atoms distributed in the small channel 
(Figure 5.24, N201). The occupancy of the magnesium cation was refined as 0.52 but 
was fixed at exactly 0.50 because of the proximity, via symmetry, of magnesium 
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cations to one another. The occupancy of the ammonium cation refined to 0.99 but 
was fixed at 1 to balance the charge of the magnesium cation. Also the structure also 
contains 4.40 uncoordinated water molecules per two zinc atoms, disordered over 
several sites. Several of them are around the structure charge sites (O5 and O10), 
others were distribute to sites nearby the framework oxygen atoms. However, the 
occupancies of O(301) and O(31') were fixed as it was not possible to refine them 
successfully. Although the framework remains similar to that of BIRM-1, the crystal 
system of this framework is lowered to an orthorhombic cell which confirms the 
previous indexing of powder XRD data (see Appendix 6 for more structure details). It 
was not possible to locate hydrogen atom positions, and thus find out the hydrogen 
bonding for the ammonium cations, the uncoordinated or magnesium-coordinated 
water molecules. It is to be expected that all hydrogen bonding requirements in the 
structure are fulfilled
131
 (Table 5.24). 
 
Fig. 5.23 Polyhedral view of the structure of Mg
2+
-BIRM-1 viewed along the x-axis, showing 
a three dimensional channel network; channels are filled with water molecules, Mg(H2O)6 
octahedra are located inside the large channels and the NH4 molecules are located inside the 
Mg(H2O)6 
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smaller channels; hydrogen atoms and internal water molecules have been omitted for clarity; 
colour scheme: ZnO4 – turquoise tetrahedra, CPO3 – purple tetrahedra, Mg – yellow, O – red, 
N – green and C – black. 
 
Table 5.23 Crystallographic data for Mg
2+
-BIRM-1. 
Empirical formula (NH4)[Mg(H2O)6]0.5[Zn2(O3PCH2CH2COO)2]·4.40H2O 
Formula weight 596.34 
Crystal system Orthorhombic 
Space group Ibca 
a (Å) 18.1497(9) 
b (Å) 21.5905(1) 
c (Å) 22.4538(1) 
Volume (Å
3
) 8798.8(9) 
 
 
 
 
Table 5.24 Selected interatomic distances for ammonium nitrogen atoms and non-framework 
water oxygen atoms. 
Bond Distance (Å) 
N201–O2 2.7 
O101–O5 2.8 
O102–O10 2.6 
O103–O8 2.8 
O104–O7 2.8 
O105–O10 2.6 
O106–O4 2.6 
O301–O7 2.7 
O401–O5 2.8 
O601–O3 2.8 
O701-O9 2.6 
O702-O3 3.0 
O801-O9 2.9 
O901-O9 2.6 
O01’-O10 2.9 
O02’-O5 3.4 
O03’-O5 2.4 
O31’-O1 2.5 
Note: atom distances were directly measured by Crystal Maker 
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Fig. 5.24 Single crystal structure of Mg
2+
-BIRM-1 viewed along the z-axis, illustrating the atomic positions of exchanged magnesium atoms, 
ammonium nitrogen atoms and water oxygen atoms (right). Blue dashed lines indicate one unit cell (left); hydrogen atoms have been omitted 
for clarity; colour scheme: Zn – turquoise, P – purple, N – green, O – red, C – black and Mg – yellow. 
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5.8  Structure Determination of Mn2+-BIRM-1 
For Mn
2+
-BIRM-1, although the XRD pattern was similar to those of Co
2+
-BIRM-1 
and Mg
2+
-BIRM-1, there were some extra peaks and the space group was different. 
Owing to time limitations structural investigation of Mn
2+
-BIRM-1 was not carried 
out in this project. 
 
5.9  Conclusion 
The synthesis and characterization of Co
2+
-BIRM-1, Mn
2+
-BIRM-1 and 
Mg
2+
-BIRM-1 have been carried out with powder XRD, SEM & EDX, TGA, and 
FTIR measurements. Structures for Co
2+
-BIRM-1 and Mg
2+
-BIRM-1 were 
determined using Rietveld refinement of powder data and single crystal XRD methods, 
respectively, and demonstrated that ion exchange had been achieved and the 
frameworks were maintained with a reduced symmetry after ion exchange. So far, six 
different metal cation-exchanged BIRM-1 phases have been prepared and three 
structures have been determined. Hence the potential for BIRM-1 as an 
ion-exchangeable material has been substantiated, and the structures should provide 
an important basis for understanding the properties of the materials as well as 
promoting further investigations with better quality diffraction data. 
 
  
181 
 
 
 
 
Chapter 6 
Hydrogen Uptake Attempts and 
De/Rehydration Investigations   
 
 
6.1  Introduction 
Metal organic frameworks as hydrogen physisorption materials have been the subject 
of great interest in recent years
84
. In physisorption materials, the hydrogen molecule 
with just two electrons forms a very weak Van der Waals bond with the surface of the 
MOFs, which results in a low interaction energy (between 4 and 10 kJ/mol)
87
. 
Although a high and rapid reversible hydrogen uptake can be achieved through 
physisorption, very low temperature (77 K) is unfortunately required for sufficient 
uptake
92
. Two main strategies have been investigated recently for enhancing hydrogen 
storage within metal organic frameworks under more moderate conditions. One is to 
enhance the surface area within a framework. It is widely recognized that a high 
surface area correlates almost linearly with the overall hydrogen uptake in a 
homogeneous, physisorption system
94-96
, but it is unlikely to result in an increase in 
the temperature required. Hence other approach is to create more attractive surface 
sites within the MOFs by using the strong metal hydrogen interactions between 
unsaturated metal centres and hydrogen to enhance hydrogen uptake. This is thought 
to be very a promising way to increase the hydrogen uptake capability at higher 
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temperature and lower pressure
101, 102, 134, 135
. 
 
In common with other MOFs, BIRM-1 has a low molecular mass and a 
three-dimensional porous framework structure, but unlike most has the advantage of 
containing exchangeable ammonium cations within the pores. The ability to undergo 
ion exchange is of interest in its own right, but also enables fine tuning of the 
properties of this material. After ion exchange, this compound may provide better 
binding sites for hydrogen molecules inside the structure to afford non-dissociative 
hydrogen binding between unsaturated metal centres and hydrogen molecules, which 
can significantly enhance the weak physisorption interaction
84
. Since BIRM-1 and six 
different metal cation-exchanged phases have been successfully identified from the 
analyses in the preceding chapters, the cation-exchanged forms of BIRM-1 were 
clearly of interest in this context. However due to the very low hydrogen uptake, pore 
performances after evacuation and rehydration were investigated consequently. 
 
6.2  Experimental 
6.2.1 Hydrogen Uptake Measurement  
 
The hydrogen adsorption capacity of K
+
-BIRM-1 was investigated on a Hiden 
constant pressure thermogravimetric analyzer (IGA). Around 200 mg K
+
-BIRM-1 was 
loaded into a glass sample bulb and the sample degassed (Table 6.1). Then the sample 
was cooled to 77 K. Pressure–composition isotherms were determined from 0 to 20 
bar. The purity of the hydrogen source was 99.995%, and a liquid nitrogen trap was 
used on the hydrogen gas inlet stream. 
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Table 6.1 Degassing procedures for the hydrogen uptake attempts with K
+
-BIRM-1. 
 Procedure 
Attempt I Degassed at 100°C for 2500 minutes then at 200°C for 1300 minutes 
Attempt II Degassed under vacuum at room temperature for 1400 minutes 
 
6.2.2 Dehydration and Rehydration Attempts 
 
Dehydration of as-synthesized and ion-exchanged BIRM-1 products was mainly 
carried out with ground powder between 50°C and 150°C. Sample powder was 
attempted in a thin layer on a watch glass and dried in a pre-heated oven for 5 hours. 
After dehydration, the as-synthesized samples were soaked in deionized water (pH = 
5.4, adjusted by HCl) for 12 hours to form rehydrated materials. In order to estimate 
the degree of structure recovery after rehydration, XRD measurements were made 
with the presence of high purity silicon powder (Acros Organic, 99+%, 325 mesh) as 
an internal standard (Figure 6.1). The mass ratio of silicon to examined product was 
1:2.  
 
Fig.6.1 Powder XRD pattern of high purity silicon.  
 
184 
 
Backgrounds of these silicon mixed XRD patterns for each normal/rehydration 
samples group were subtract and the intensities were normalized. All the XRD 
measurements for each individual group were examined by Bruker D8 advance X-ray 
diffractometer on the same day with an interval of 30 minutes. The estimates of 
structure recovery were via the peak areas from the normalized XRD patterns using 
Equation 6.1. This ratio expressed as a percentage was then labeled relative 
crystallinity of rehydrated phase. 
 
Relative crystallinity of rehydrated phase = 
𝐴𝑟
𝐴𝑛
 × 100%  (Equation 6.1) 
where: 
𝐴𝑟 = Peak area from the XRD pattern of rehydrated phase, and  
𝐴𝑛 = Peak area from the XRD pattern of phase before dehydration.  
 
6.2.3 Organic Solvent Treatment of K+-BIRM-1 
 
Further attempts to remove water molecules from the pores were carried out by 
soaking K
+
-BIRM-1 in anhydrous methanol, anhydrous dichloromethane (purified by 
Innovative Technology, Pure Solv PS-MD-4-EN Solvent Purification System), 
absolute ethanol (Fisher Scientific, 99.99% purity) and chloroform (Fisher Scientific, 
99.9% purity), respectively, at room temperature for 2 days, making an effort to allow 
internal solvent molecules to be exchanged by the organic solvents. The wet samples 
were dried at room temperature for 24 hours and further evacuated at room 
temperature. Fourier transform infrared spectra were recorded from 4000 cm
–1 
to 650 
cm
–1 
on a Perkin-Elmer FTIR System 1000 spectrometer to examine the presence of 
water (O–H) before and after the dehydration treatments. 
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6.3  Hydrogen Uptake Attempts with K+-BIRM-1 
K
+
-BIRM-1 was the first compound to be measured isothermally on a constant 
pressure gravimetric analyzer system due to a plateau observed (from 200°C to 350°C) 
after losing coordinated water and ammonia on the TGA curve (Figure 6.2) suggesting 
a stable dehydrated phase.  
 
Fig. 6.2 TGA (black trace) and DTA (blue trace) of K
+
-BIRM-1. 
 
At the beginning of this attempt, the sample was initially degassed at 100°C 
for 2500 minutes under vacuum. As the mass did not stabilize, the temperature was 
raised to 200°C till the variation in mass was minimal (about 1300 minutes). After 
that the sample was cooled down to 77 K and the hydrogen uptake was measured at 
pressures from 0 to 20 bar.  
 
As apparent from the adsorption isotherm (Figure 6.3), a very low hydrogen 
uptake was observed with the values barely outside the error of the IGA machine. 
Since the structure was confirmed to be maintained after the potassium ion exchange, 
the low hydrogen uptake values observed here suggested that the material had lost 
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porosity after removal of the water molecules in the degas procedure. The XRD 
pattern after examination then confirmed this assumption (Figure 6.4). 
 
Fig. 6.3 Hydrogen adsorption isotherms for K
+
-BIRM-1 degassed under vacuum at 100°C. 
 
 
Fig. 6.4 Powder XRD pattern of K
+
-BIRM-1 after hydrogen uptake examination, degassed 
under vacuum at 100°C. 
 
Because of the low uptake observed, it was thought that the framework was 
possibly damaged under the degas conditions. Thus before the next hydrogen uptake 
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was carried out, an attempt to remove intrapore water under vacuum at room 
temperature was performed in the hope of avoiding thermal degradation of the 
product and consequently loss of porosity. After about 1400 minutes degassing, when 
no further mass change was detected, hydrogen adsorption was examined. Again there 
was no significant hydrogen adsorbed by K
+
-BIRM-1 (Figure 6.5).  
 
Fig. 6.5 Hydrogen adsorption isotherms for K
+
-BIRM-1 vacuum degassed at room 
temperature. 
 
The powder XRD pattern after the examination (Figure 6.6) showed only two 
very broad peaks, indicating the structure had lost its crystallinity after degas and 
explaining the low hydrogen uptake. This degas process was then simulated in the lab. 
The XRD pattern of the dehydrated product showed the same result, leading to the 
conclusion that the very low hydrogen uptake was caused by loss of porosity during 
the degas treatment.  
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Fig. 6.6 Powder XRD pattern of K
+
-BIRM-1 after the hydrogen uptake examination, vacuum 
degassed at room temperature. 
 
6.4  Dehydration and Rehydration Attempts with K+-BIRM-1 
The above hydrogen uptake results revealed that the removal of the water molecules 
inside the structure result in a collapse of the K
+
-BIRM-1 framework and no 
significant hydrogen uptake. Further dehydration examinations of K
+
-BIRM-1 were 
carried out at various temperatures. Samples of K
+
-BIRM-1 were heated in a oven at 
50°C, 80°C, 100°C, 120°C and 150°C, respectively, for 5 hours to allow dehydration. 
After being heated at 50°C for 5 hours, the XRD pattern was maintained (Figure 6.7), 
but O–H stretches at about 3400 cm-1 were still observed in the IR spectrum (Figure 
6.8), indicating the dehydration was not complete. 
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Fig. 6.7 Powder XRD pattern of K
+
-BIRM-1 after dehydration at 50°C for 5 hours. 
 
 
Fig. 6.8 FTIR spectrum of K
+
-BIRM-1after dehydration at 50°C for 5 hours. 
 
However, with dehydration temperatures of 80°C and higher, no peaks were 
observed from the XRD patterns (Figure 6.9) after the dehydration treatment, 
suggesting that the framework structure may be no longer be retained intact. 
Nevertheless, TGA data of K
+
-BIRM-1(Figure 6.2) suggested that total breakdown of 
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the framework did not occur until the temperature reached around 500°C. To explore 
this apparent contradiction further, rehydration investigations of the dehydrated 
K
+
-BIRM-1 were carried out. 
 
Fig. 6.9 Powder XRD pattern of K
+
-BIRM-1 after being dehydrated at 80°C for 5 hours. 
 
The dehydrated products were stirred with deionized water (pH was adjusted 
to around 5.40 by HCl) overnight. As can be seen in Figure 6.10, peaks returned to the 
XRD patterns after the rehydration attempts. This is consistent with the suggestion 
that after the K
+
-BIRM-1 had been heated for a couple of hours, removing water 
molecules from the channels the structure became distorted, leaving atoms arranged in 
a random way with no long-range order present and no peaks in the XRD pattern. 
After being rehydrated with water, the structure recovered, and the atoms were 
arranged in a regular pattern again. 
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Fig. 6.10 Powder XRD patterns of rehydrated K
+
-BIRM-1 after dehydration at (a) 80°C, (b) 
100°C, (c) 120°C and (d) 150°C for 5 hours. 
 
The dehydrated (at 100°C) K
+
-BIRM-1 was further examined by FTIR, before 
and after rehydration (Figure 6.11). The spectra exhibited clear information regarding 
the nature of the zinc carboxyethylphosphonate framework. The band at around 1600 
cm
−1 
is representing the symmetric vibrations the carboxyl group occurs. The strong 
band at 1400 cm
−1
 is likely due to the asymmetric vibrations of the carboxyl group 
with a possible contribution of the P–C stretching mode. The stretching band of the 
C–O group was observed as a peak at around 1300 cm−1. And the P–O stretching 
modes were seen as a series of sharp bands in the region 1150–950 cm−1. However, 
after heating, the very broad peak at around 3200 cm
−1
 representing the O–H stretches 
disappeared from the spectrum. Then after being rehydrated with water, this broad 
peak appeared again and the spectrum was virtually the same as the original pattern 
(Figure 4.6 in Chapter 4). These spectra corroborate the XRD analysis, that after 
dehydration, the bonds forming the framework structure were still broadly intact, but 
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the framework itself no longer exhibited long-range order after removing the internal 
water. FTIR spectra for products treated at different temperatures were similar. 
 
Fig. 6.11 FTIR spectra of dehydrated (100°C) K
+
-BIRM-1 before (a) and (b) after 
rehydration. 
 
6.5  Dehydration and Rehydration Attempts with BIRM-1 and 
Other Ion-Exchanged Forms 
Since the structural transformation of K
+
-BIRM-1 on dehydration was shown to be at 
least partly reversible, the dehydration and rehydration properties of BIRM-1 and the 
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other ion-exchanged products were investigated. Samples were dried at 100°C for 5 
hours, then these dehydrated products were soaked with deionized water acidified 
with HCl (pH = 5.4) for 12 hours to allow rehydration.  
 
Again, no peaks were observed in the XRD patterns of all the dehydrated 
samples, indicating that long-range order was not retained. After the rehydration, 
FTIR spectra of all the samples showed the reappearance of the broad O–H band. (See 
Appendix 7.1 for all dehydration/rehydration infrared spectra.) Analogous to the 
rehydrated K
+
-BIRM-1 (Figure 6.12b), the XRD patterns of rehydrated BIRM-1, 
Mn
2+
-BIRM-1, Mg
2+
-BIRM-1 and Na
+
-BIRM-1 reappeared (Figure 6.13b–6.16b), 
indicating the structures recovered to a certain degree. The main characteristic peaks 
occurred at almost the same two theta angles, but with much broadened peak shapes 
and lower intensities, and the medium angle diffraction peaks had almost disappeared. 
Both the increased full width half maximum (FWHM) and the relative crystallinity 
values (Table 6.2–6.3), indicated that the structures were only partly recovered in 
some cases.  
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Fig. 6.12 Powder XRD patterns of (a) K
+
-BIRM-1 and (b) rehydrated K
+
-BIRM-1; Bragg 
peak positions marked with (*) originated from silicon. 
 
Fig. 6.13 Powder XRD patterns of (a) BIRM-1 and (b) rehydrated BIRM-1; Bragg peak 
positions marked with (*) originated from silicon. 
 
Fig. 6.14 Powder XRD patterns of (a) Mg
2+
-BIRM-1 and (b) rehydrated Mg
2+
-BIRM-1; 
Bragg peak positions marked with (*) originated from silicon. 
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Fig. 6.15 Powder XRD patterns of (a) Mn
2+
-BIRM-1 and (b) rehydrated Mn
2+
-BIRM-1; 
Bragg peak positions marked with (*) originated from silicon. 
 
Fig. 6.16 Powder XRD patterns of (a) Na
+
-BIRM-1 and (b) rehydrated Na
+
-BIRM-1; Bragg 
peak positions marked with (*) originated from silicon. 
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Table 6.2 FWHM and selected peak areas of as-synthesized and rehydrated BIRM-1 materials. 
Sample Name 2 Theta (°) FWHM(°) Area  Sample Name 2 Theta (°) FWHM (°) Area  
BIRM-1 7.906 0.072(4) 10615 Mg
2+
-BIRM-1 7.774 0.09(2) 4479 
 10.133 0.059(3) 15241  8.090 0.15(2) 2855 
BIRM-1(R)
†
 7.878 0.20(2) 5413  10.028 0.09(2) 3346 
 10.102 0.15(1)  7494  10.205 0.11(2) 2741 
K
+
-BIRM-1 7.847 0.072(4) 8973 Mg
2+
-BIRM-1(R)
†
 7.761 0.10(2) 3831 
 10.076 0.063(3) 8873  8.127 0.19(4) 3655 
K
+
-BIRM-1(R)
†
 7.845 0.135(6) 8414  10.024 0.13(3) 2681 
 10.068 0.097(6) 8095  10.244 0.14(4) 2162 
Mn
2+
-BIRM-1 7.719 0.09(1) 6022 Na
+
-BIRM-1 7.935 0.08(2) 4392 
 8.215 0.081(9) 5481  8.104 0.07(2) 3194 
 9.965 0.09(1) 2862  10.172 0.09(2) 6500 
 10.259 0.09(1) 3271  10.287 0.053(9) 3403 
Mn
2+
-BIRM-1(R)
†
 7.741 0.08(1) 2234 Na
+
-BIRM-1(R)
†
 7.926 0.08(3) 703 
 8.086 0.11(1) 4596  8.029 0.06(6) 412 
 9.996 0.11(1) 4318  10.093 0.07(6) 618 
 10.257 0.11(4) 1647  10.192 0.08(7) 1048 
                  †
After rehydration 
 
Table 6.3 Recoverability estimations of rehydrated materials. 
 BIRM-1 K
+
-BIRM-1 Mn
2+
-BIRM-1 Mg
2+
-BIRM-1 Na
+
-BIRM-1 
Original Peak Area  25856 17846 17636 13421 17489 
After rehydration  12907 16509 12795 12329 2781 
Recoverability 49.9% 92.5% 72.6% 91.9% 15.9% 
197 
 
Clearly, after rehydration, the materials did not return entirely to their original 
condition. The peak broadening observed most likely indicates a lowering in the 
degree of long range order, caused either by a reduction in crystallite (or domain) size 
or, perhaps more likely, some residual lattice strain. A third possibility would be some 
compositional variation: different amounts of water present in different parts of the 
sample might lead to a distribution of lattice parameters and in this case also 
additional lattice strain.  
 
For two samples more significant changes were observed on rehydration. As 
apparent from the XRD pattern of Li
+
-BIRM-1(Figure 6.17), peak splitting was 
observed after the rehydration, similar to that observed in the divalent ion exchanged 
materials, indicating a lowering of symmetry (Table 6.4). 
 
Fig. 6.17 Powder XRD patterns of (a) Li
+
-BIRM-1 and (b) rehydrated Li
+
-BIRM-1; Bragg 
peak positions marked with (*) originated from silicon. 
 
For the Co
2+
-BIRM-1, after rehydration a quite different set of peaks was 
observed (Figure 6.18), which could be indexed to a monoclinic cell (Table 6.4). 
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These changes in the XRD pattern may indicate a more significant change in structure 
on rehydration.  
 
Fig. 6.18 Powder XRD patterns of (a) Co
2+
-BIRM-1 and (b) rehydrated Co
2+
-BIRM-1; Bragg 
peak positions marked with (*) originated from silicon. 
 
Table 6.4 Lattice parameters of rehydrated Li
+
-BIRM-1 and Co
2+
-BIRM-1. 
 Li
+
-BIRM-1(R) Co
2+
-BIRM-1(R) 
Crystal System Orthorhombic Monoclinic 
Space group Pmna P21/m 
a/Å 13.694(5) 26.75(2) 
b/Å 24.27(1) 11.557(7) 
c/Å 25.54(1) 24.47(2) 
β/° 90 111.700 (5) 
Volume/ Å
3
 8490(6) 7027(8) 
FOM
†
 (M20) 4.8 5.0 
          †
Figure of Merit 
 
6.6  Evacuation Attempts with Organic Solvent Treated 
K+-BIRM-1 
Degassing is an essential stage to facilitate gas storage. However, based on the above 
experiments, it proved difficult to sustain the structure, in particular the porosity, on 
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dehydration either for BIRM-1 or its ion-exchanged forms. Further attempts were 
therefore made to find a process to evacuate the material while the maintaining the 
porosity of the structure. 
 
Cheng et al.
164
 reported a new way to tune the pore performance of a flexible 
material. They used an ethanol treatment on a layered flexible MOF, in which the 
presence of ethanol molecules influenced the connections between water molecules 
and framework, resulting an easier dehydration under vacuum at room temperature, 
with the basic structure remaining due to a trace of ethanol included in the pores. The 
following dehydration attempts were therefore carried out under vacuum after 
samples were immersed in methanol, ethanol, dichloromethane and chloroform for 2 
days, in order to introduce these solvents into the channels and then remove them with 
internal solvent under milder conditions.  
 
After mixing with the organic solvents for 2 days, there were no significant 
modifications in the XRD patterns (Figures 6.19a–6.22a) indicating the structure was 
maintained. Slight differences in relative peak intensities of the first two peaks 
occurring for dichloromethane and chloroform treated K
+
-BIRM-1 were probably 
caused by the presence of these organic molecules inside the lattice structure.  
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Fig. 6.19 Powder XRD patterns of (a) dichloromethane treated K
+
-BIRM-1, (b) after 5 hours 
evacuation and (c) after 15 hours evacuation. 
 
Fig. 6.20 Powder XRD patterns of (a) chloroform treated K
+
-BIRM-1, (b) after 5 hours 
evacuation and (c) after 15 hours evacuation. 
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Fig. 6.21 Powder XRD patterns of (a) methanol treated K
+
-BIRM-1, (b) after 5 hours 
evacuation and (c) after 15 hours evacuation. 
 
Fig. 6.22 Powder XRD patterns of (a) ethanol treated K
+
-BIRM-1, (b) after 5 hours 
evacuation and (c) after 15 hours evacuation. 
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After evacuation at room temperature for 5 hours, XRD patterns of the 
products indicated that they remained intact (Figures 6.19b–6.22b). The relative 
intensities for the XRD patterns of chloroform and dichloromethane treated 
K
+
-BIRM-1 more closely resembled their original forms, which possibly revealed the 
removal of these organic molecules. The O–H vibrations were still detected as a broad 
band in the FTIR spectra (Figure 6.23; see Appendix 7.2 for all other FTIR spectra 
before and after evacuation). After another 10 hours evacuation, the XRD patterns 
(Figures 6.19c–6.22c) indicated that the structures were significantly deformed with 
the (further) removal of the internal water, and much weaker broad band representing 
the O–H vibration still observed in the FTIR spectrum (Figure 6.23).  
 
 
Fig. 6.23 FTIR spectra of (a) ethanol treated K
+
-BIRM-1, (b) after 5 hours evacuation and (c) 
after 15 hours evacuation. 
 
For the chloroform and dichloromethane treated K
+
-BIRM-1, the XRD 
patterns were slightly modified in relative peak intensities of the first two peaks after 
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the solvent treatment, and these alterations then disappeared subsequently with further 
evacuation, representing the removal of the organic molecules. After the 5 hours 
dehydration, the O–H vibrations were not eliminated, but the intensity of the O–H 
peak was reduced after 10 further hours of evacuation. This suggests that the organic 
treatment did not actually help to remove the internal water, with prolonged 
evacuation required.  
 
Although the XRD pattern did not show obvious evidence for the introduction 
of the ethanol and methanol molecules into the lattice, it was possible that the O–H 
vibration band from the FTIR spectra was produced by overlapping bands from water 
and ethanol/methanol molecules. But as the presence of the O–H vibration still could 
be observed even after 15 hours evacuation, ethanol and methanol were not helpful in 
making the dehydration of the material easier. Thus it can be concluded that although 
a certain amount of the organic solvent may have been introduced to the structure, the 
result was not an easier and faster dehydration after this treatment. It is likely that, if 
the dehydration attempts resumed for a longer time, the O–H vibration would be 
eliminated from FTIR spectra and no peaks would remain in the XRD patterns, as 
removal of the internal solvent distorted the framework. Due to these undesirable 
results occurred in the non-thermal dehydration investigations of K
+
-BIRM-1 and the 
tight deadline of this project, attempts on BIRM-1 and other ion-exchanged materials 
were therefore not carried out.  
 
Confronted with these disappointing results, maintaining the flexible structure 
network which defines the accessible porosity during the dehydration by directly 
heating or reducing the system pressure was proved to be really challenging. And the 
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removal of the internal solvent will probably generate a surface tension, which drove 
the pores to collapse and elicited the deformation of the structure. However, Nelson et 
al.
165
, Ma et al.
166
 and Park et al.
167
 demonstrated potential solutions to this problem. 
They suggested the accessible internal surface area of certain MOFs that collapse on 
thermal evacuation or with highly flexible structures would be significantly increased 
when activated the dehydration treatments with supercritical carbon dioxide or freeze 
drying. These methods rely on the internal water in the MOFs being replaced by 
supercritical carbon dioxide which can be removed by depressurization under milder 
conditions, or by a solvent such as benzene that can be removed by freeze drying, to 
leave the empty porous materials without crossing the liquid gas phase boundary, thus 
eliminating the surface tension inducing pore collapse. This seems to be a possible 
route to overcome the drawbacks that currently occur on the dehydration of our 
materials, but unfortunately no further attempts at improving this process were 
possible owing to time constraints. Further research is therefore required. 
 
6.7  Conclusion 
Dehydration and rehydration investigations illustrated the structural flexibility of both 
BIRM-1 and the ion-exchanged compounds. If the internal water was removed from 
the structure, the long-range order was hugely diminished or completely lost. Hence 
the compounds did not retain any porosity and were unsuitable for gas storage. 
However, rather than an irreversible collapse of the framework, it was found that 
when the samples were rehydrated, the structure could be recovered to a certain extent. 
Degassing is necessary to facilitate gas storage by creating space in the porous 
structure by the removal of internal water molecules as well as providing access to the 
additional open binding sites, but currently normal degas methods have turned out not 
205 
 
to be helpful in preserving porosity. If a method can be discovered for improving the 
pore retention during dehydration, such as using supercritical fluid or freeze drying 
methods, gas storage may still be possible in such a three dimensional 
ion-exchangeable porous material.  
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Chapter 7 
Conclusion and Future Work 
 
 
As a result of this project, a suitable and reproducible method has been obtained for 
the synthesis of a three dimensional porous zinc carboxyethylphosphonate material 
BIRM-1, which has been shown to be an excellent host material for ion-exchanging 
with various types of metal cations and to have a very flexible structure. 
 
A highly crystalline BIRM-1 material was synthesized by using a mixture of 
urea (pH controller) and tetraethylammonium bromide (mineralizer) as the reaction 
medium for a reaction between zinc nitrate and 2-carboxyethylphosphonic acid under 
hydrothermal conditions. During the synthesis optimization process, three other zinc 
carboxyethylphosphonates with different pore size and framework topologies were 
also isolated (Figure 7.1). These phases can all be prepared from the same synthesis 
mixture with minor adjustments to the reagent mole ratios, the reaction temperature or 
the reaction time. BIRM-1 is the one with the largest pore size, providing potential 
access to its high internal surface area and has attracted the most interest. Compared 
to most other zeolites and porous metal organic frameworks, this material has 
relatively low density obtained by choosing 2-carboxyethylphosphonate acid as the 
organic ligand, which could be benefit in gas storage applications. Although metal 
phosphonates, or other MOFs, seldom exhibit any ion exchange capacity, BIRM-1 has 
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the advantage of containing ammonium cations within the pores, derived from the 
hydrolysed urea, which are present to charge balance the deprotonated carboxylic acid 
groups, and can undergo ion exchange with certain metal cations such as Li
+
, Na
+
, K
+
, 
Mg
2+
, Mn
2+
 and Co
2+
. The ability to undergo ion exchange is of interest in its own 
right, but also enables fine-tuning of the properties of this material. 
 
Fig.7.1 Crystal structures of (a) BIRM-1 and (b), (c), (d) three other zinc 
carboxyethylphosphonates synthesized from the same reagents under different conditions; 
hydrogen atoms, ammonium nitrogen atoms and internal oxygen atoms have been omitted for 
clarity; colour scheme: ZnO4 – turquoise tetrahedra, CPO3 – purple tetrahedra, O – red, and C 
– black. 
 
By adjusting the pH value of the ion exchange solution to the same value as 
the final solution in the BIRM-1 synthesis reaction, the framework structure appeared 
to be well maintained after ion exchange. The results from XRD, SEM/EDX, 
(a) 
(b) 
(c) 
(d) 
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TG-DTA and FTIR of these recovered solids indicated that ion exchange has been 
successfully achieved and the metal cations were located inside the crystal structure. 
For K
+
-BIRM-1 and Mg
2+
-BIRM-1, these were also backed up by the results from 
single crystal X-ray diffraction structure analysis. 
 
Before any structure solutions were obtained from single crystal X-ray 
diffraction, endeavours were dedicated to determining the structures of K
+
-BIRM-1 
and Co
2+
-BIRM-1 through Rietveld refinement against powder XRD data. For the 
structure of K
+
-BIRM-1, the starting model employed was that of BIRM-1. The whole 
refinement strategy was based on the premise that the exchanged potassium ions will 
share the locations ammonium nitrogen atoms in BIRM-1, and then the use of 
difference Fourier maps to find other oxygen atoms. The amount of the potassium 
ions contained inside the structure was directly adopted from the EDX results and 
several occupancy constraints and bond length and angle restraints were also applied 
during the refinement procedures to allow a chemically sensible framework to be 
achieved. The agreement between the experimental and calculated profiles was 
satisfactory and one of the refined structures had a very similar structure to the single 
crystal structure solution. Nevertheless, the positions for the light atoms such as 
oxygen and nitrogen atoms may be not very reliable and could essentially be occupied 
by potassium ions with lower occupancies and the reverse is also possible. For 
Co
2+
-BIRM-1, the structure model was adopted from an unfinished single crystal 
XRD structure of the cobalt-exchanged product generated in the early stage of this 
project, which only provided information on the structure framework. Hence all site 
positions of the cobalt ions as well as the solvent water molecules were predicted with 
the assistance of difference Fourier maps, and the element types were estimated by the 
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examination of the interatomic distances. Although the bond lengths and bond angles 
of the structure can be converged to reasonable values, the site positions for the 
exchanged metal ions and the solvent atoms were still very difficult to locate very 
precisely with current data. 
 
The structure being refined with Rietveld refinement in this project is a 
complicated three dimensional porous MOF with extra-framework cations inside the 
channels and highly disordered internal solvent molecules. All these cannot be refined 
completely satisfactorily. The endeavours presented in this thesis are not a complete 
structural solution for those exchanged products but best attempts with all the data we 
currently have and appropriate strategies contributing to the structure determination. 
Although these structure determinations may not be totally accurate, the potential for 
BIRM-1 as an ion-exchangeable material has been substantiated. These structures 
should provide an important basis for understanding the properties of BIRM-1 as well 
as promoting further investigations with better quality diffraction data. Due to the 
very light exchanged cation (Li
+
) and lack of the structure models for further 
refinement of Na
+
-BIRM-1 and Mn
2+
-BIRM-1,structure determinations with powder 
XRD for these three exchanged products were not carried out in the project. 
 
Single crystal structures of K
+
-BIRM-1 and Mg
2+
-BIRM-1 (Figure 7.2a and b) 
were obtained in the very late stage of writing this thesis. The structure framework of 
K
+
-BIRM-1 was maintained well after the ion exchange and the tetragonal symmetry 
was maintained, with 0.77 moles of potassium ions and 0.23 moles of ammonium ions 
for one mole of zinc atoms. Those potassium ions were distributed in both the large 
and the small channels. For Mg
2+
-BIRM-1, consistent with the indexing result, the 
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symmetry of the crystal system was lowered from tetragonal to orthorhombic. The 
structure contains 0.50 magnesium ions for every two zinc atoms which are 
coordinated by six water molecules and located only inside the large channels. Then 
this charge inside the structure is balanced by the presence of one ammonium cation 
per two zinc atoms distributed in the small channel. Both of these structures are very 
distinct evidence to demonstrate the success of the ion exchange, which makes it very 
reasonable to believe that other ion exchange attempts with Li
+
, Na
+
, Co
2+
 and Mn
2+
 
were achieved as well. 
 
Fig. 7.2 Polyhedral view of the structure of (a) K
+
-BIRM-1 and (b) Mg
2+
-BIRM-1, illustrating 
a successful ion exchange with potassium ions and magnesium ions; hydrogen atoms and 
internal oxygen atoms have been omitted for clarity; colour scheme: ZnO4 – turquoise 
tetrahedra, CPO3 – purple tetrahedra, K– blue, Mg – yellow, O – red, N – green and C – black. 
 
Dehydration and rehydration investigations on both BIRM-1 and the 
ion-exchanged compounds illustrated a very interesting structural flexibility. If the 
internal solvent was removed from the structure by either heating or evacuation, the 
long-range order of the crystal was hugely diminished or completely lost. Hence the 
(a) (b) 
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compounds did not retain any porosity and were unsuitable for gas storage. However, 
rather than an irreversible collapse of the framework, it was found that when the 
samples were rehydrated, the frameworks could be recovered to a certain extent. 
Dehydration is necessary to facilitate gas storage by creating space in the porous 
structure as well as providing access to the additional open binding sites, but currently 
normal dehydration methods have turned out not to be helpful in preserving porosity 
and facilitating hydrogen physisorption. If a method can be discovered for improving 
the pore retention during dehydration, gas storage may still be possible in such a three 
dimensional ion-exchangeable porous material. 
 
Future Work 
There are several possible avenues of work that could be further explored following 
the work presented in this thesis. One important area is to find a way to dehydrate the 
BIRM-1 and its exchanged derivatives without losing the porous structure. Methods 
such as supercritical fluid or freeze drying are worth trying. Crystallographic and 
spectroscopic methods such as synchrotron and neutron diffraction can be employed 
to determine the unsolved structures of the exchanged products and locate the guest 
species within the porous structure with these newly obtained single crystal structures. 
Further insights gained into the applications of the flexibility of BIRM-1 and 
exchanged materials might also prove interesting. Ion-exchange attempts with 
different types of metal cations, and the synthesis of novel phosphonate based MOFs 
with more rigid ligands are also possibilities.  
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Appendix 
 
 
Appendix 1  Crystallographic Data of BIRM-1 
 
 
 
Fig. A1.1 The asymmetric unit of BIRM-1 with ellipsoids drawn at the 50 % probability level. 
 
 
 
221 
 
Table A1.1 Atomic coordinates (×10
4
), occupancies and equivalent isotropic displacement 
parameters (×10
3
) for BIRM-1, Ueq is defined as one third of the trace of the orthogonalized 
Uij tensor.  
Atom Mult. x y z Occupancy Ueq 
C(1) 32 3057(3) 2338(3) 1694(4) 1 27(2) 
C(2) 32 3031(3) 3018(3) 1788(4) 1 32(2) 
C(3) 32 3495(3) 3285(3) 2308(4) 1 29(2) 
O(1) 32 3853(2) 4313(2) 2956(3) 1 28(1) 
O(2) 32 3270(2) 4381(2) 1739(3) 1 32(1) 
O(3) 32 2658(3) 2133(2) 1256(3) 1 50(2) 
O(4) 32 2738(2) 4093(2) 2917(3) 1 26(1) 
O(5) 32 3410(3) 2026(2) 2047(4) 1 47(2) 
P(1) 32 3333(1) 4061(1) 2498(1) 1 24(1) 
Zn(1) 32 2497(1) 1281(1) 1143(1) 1 23(1) 
N(101) 32 4672(14) 2285(15) 2062(18) 0.25 46(8) 
N(102) 32 4684(14) 2062(15) 1919(17) 0.25 42(7) 
N(201) 16 2923(6) 9577(6) 1250 0.35 10(4) 
N(202) 32 2683(11) 9473(11) 425(15) 0.18 10(5) 
N(203) 32 2803(13) 9528(14) 859(17) 0.15 11(6) 
O(301) 32 5098(12) 4285(15) 2733(14) 0.25 48(6) 
O(302) 32 5047(16) 3970(20) 2630(20) 0.20 53(9) 
O(303) 32 4776(13) 3473(16) 3219(17) 0.20 41(7) 
O(304) 32 4840(20) 3110(20) 3120(20) 0.15 61(12) 
O(305) 32 4980(30) 3740(30) 3090(40) 0.10 46(16) 
O(306) 32 4920(30) 3640(30) 2710(40) 0.10 52(17) 
O(401) 32 3272(10) 8829(9) -56(13) 0.38 71(6) 
O(402) 32 3455(17) 8744(15) 320(20) 0.27 73(9) 
O(403) 32 3680(30) 8680(20) 540(30) 0.15 62(15) 
O(501) 32 3972(13) 1974(13) 3482(16) 0.25 67(7) 
O(502) 32 3400(20) 1710(20) 3570(30) 0.15 70(13) 
O(601) 16 2500 2905(13) 0 0.40 73(7) 
O(602) 32 2110(40) 2790(30) 140(40) 0.10 66(19) 
Note: The occupancies of non-framework atoms are all fixed during the refinement. 
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Table A1.2 Bond lengths [Å] for BIRM-1. 
Bond Bond Length Bond Bond Length 
C(1)-O(5) 1.222(9) O(1)-Zn(1)
[a]
 1.958(5) 
C(1)-O(3) 1.268(8) O(2)-P(1) 1.531(5) 
C(1)-C(2) 1.527(9) O(2)-Zn(1)
[b]
 1.920(5) 
C(2)-C(3) 1.509(9) O(3)-Zn(1) 1.943(5) 
C(2)-H(2A) 0.99 O(4)-P(1) 1.524(5) 
C(2)-H(2B) 0.99 O(4)-Zn(1)
[c]
 1.936(5) 
C(3)-P(1) 1.799(7) Zn(1)-O(2)
[d]
 1.920(5) 
C(3)-H(3A) 0.99 Zn(1)-O(4)
[c]
 1.936(5) 
C(3)-H(3B) 0.99 Zn(1)-O(1)
[e]
 1.958(4) 
O(1)-P(1) 1.524(5) 
  
Note: Symmetry transformations used to generate equivalent atoms: [a] y+1/4, x+1/4, z+1/4; [b] y+1/4, 
-x+3/4, -z+1/4; [c] -x+1/2, -y+1/2, -z+1/2; [d] -y+3/4, x-1/4, -z+1/4; [e] y-1/4, x-1/4, z-1/4. 
 
 
 
 
Table A1.3 Bond angles [°] for BIRM-1. 
Bond Angle Angle Bond Angle  Angle 
O(5)-C(1)-O(3) 124.2(6) P(1)-O(2)-Zn(1)
[b]
 126.4(3) 
O(5)-C(1)-C(2) 122.3(6) C(1)-O(3)-Zn(1) 123.1(5) 
O(3)-C(1)-C(2) 113.4(6) P(1)-O(4)-Zn(1)
[c]
 129.3(3) 
C(3)-C(2)-C(1) 115.6(6) O(1)-P(1)-O(4) 112.7(3) 
C(3)-C(2)-H(2A) 108.4 O(1)-P(1)-O(2) 111.5(3) 
C(1)-C(2)-H(2A) 108.4 O(4)-P(1)-O(2) 109.0(3) 
C(3)-C(2)-H(2B) 108.4 O(1)-P(1)-C(3) 107.6(3) 
C(1)-C(2)-H(2B) 108.4 O(4)-P(1)-C(3) 108.2(3) 
H(2A)-C(2)-H(2B) 107.4 O(2)-P(1)-C(3) 107.6(3) 
C(2)-C(3)-P(1) 110.9(5) O(2)
[d]
-Zn(1)-O(4)
[c]
 104.05(19) 
C(2)-C(3)-H(3A) 109.5 O(2)
[d]
-Zn(1)-O(3) 118.9(3) 
P(1)-C(3)-H(3A) 109.5 O(4)
[c]
-Zn(1)-O(3) 112.5(2) 
C(2)-C(3)-H(3B) 109.5 O(2)
[d]
-Zn(1)-O(1)
[e]
 113.0(2) 
P(1)-C(3)-H(3B) 109.5 O(4)
[c]
-Zn(1)-O(1)
[e]
 111.21(19) 
H(3A)-C(3)-H(3B) 108 O(3)-Zn(1)-O(1)
[e]
 97.3(2) 
P(1)-O(1)-Zn(1)
[a]
 123.9(3) 
  
Note: Symmetry transformations used to generate equivalent atoms: [a] y+1/4, x+1/4, z+1/4; [b] y+1/4, 
-x+3/4, -z+1/4; [c] -x+1/2, -y+1/2, -z+1/2; [d] -y+3/4, x-1/4, -z+1/4; [e] y-1/4, x-1/4, z-1/4. 
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Table A1.4 Anisotropic displacement parameters (Å
2
 × 10
3
) for BIRM-1. 
 U
11
 U
22
 U
33
 U
23
 U
13
 U
12
 
C(1) 41(4) 17(3) 23(3) 1(3) 2(3) -7(3) 
C(2) 35(4) 24(3) 36(4) -5(3) -2(3) -2(3) 
C(3) 36(4) 20(3) 32(4) -10(3) 0(3) -6(3) 
O(1) 24(2) 23(2) 38(3) -10(2) -5(2) 0(2) 
O(2) 37(3) 28(3) 30(3) 0(2) -7(2) -7(2) 
O(3) 76(4) 19(2) 53(3) -2(2) -36(3) -12(3) 
O(4) 25(2) 25(2) 27(2) -4(2) 0(2) 0(2) 
O(5) 47(3) 25(3) 69(4) -11(3) -24(3) 3(2) 
P(1) 24(1) 19(1) 29(1) -6(1) -4(1) -3(1) 
Zn(1) 21(1) 18(1) 31(1) -3(1) -6(1) -1(1) 
 
 
Table A1.5 Hydrogen coordinates (× 10
4
) and isotropic displacement parameters (Å
2
 × 10
3
) 
for BIRM-1 
Atom x y z Ueq 
H(2A) 3076 3205 1285 38 
H(2B) 2628 3127 1980 38 
H(3A) 3896 3252 2073 35 
H(3B) 3501 3058 2787 35 
 
 
Table A1.6 Torsion angles (°) for BIRM-1 
Bond Angle Bond  Angle 
O(5)-C(1)-C(2)-C(3) 3.7(10) Zn(1)
[b]
-O(2)-P(1)-O(1) 2.4(5) 
O(3)-C(1)-C(2)-C(3) 179.7(7) Zn(1)
[b]
-O(2)-P(1)-O(4) 127.4(4) 
C(1)-C(2)-C(3)-P(1) -169.8(5) Zn(1)
[b]
-O(2)-P(1)-C(3) -115.5(4) 
O(5)-C(1)-O(3)-Zn(1) 5.6(11) C(2)-C(3)-P(1)-O(1) -174.2(5) 
C(2)-C(1)-O(3)-Zn(1) -170.3(5) C(2)-C(3)-P(1)-O(4) 63.7(6) 
Zn(1)
[a]
-O(1)-P(1)-O(4) -35.0(4) C(2)-C(3)-P(1)-O(2) -53.9(6) 
Zn(1)
[a]
-O(1)-P(1)-O(2) 88.0(4) C(1)-O(3)-Zn(1)-O(2)
[d]
 -62.4(7) 
Zn(1)
[a]
-O(1)-P(1)-C(3) -154.2(3) C(1)-O(3)-Zn(1)-O(4)
[c]
 59.6(7) 
Zn(1)
[c]
-O(4)-P(1)-O(1) -61.6(4) C(1)-O(3)-Zn(1)-O(1)
[e]
 176.2(6) 
Zn(1)
[c]
-O(4)-P(1)-O(2) 174.0(3) Zn(1)
[c]
-O(4)-P(1)-C(3) 57.3(4) 
Note: Symmetry transformations used to generate equivalent atoms: [a] y+1/4, x+1/4, z+1/4; [b] y+1/4, 
-x+3/4, -z+1/4; [c] -x+1/2, -y+1/2, -z+1/2; [d] -y+3/4, x-1/4, -z+1/4; [e] y-1/4, x-1/4, z-1/4. 
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Appendix 2  Index Details 
 
2.1  K+-BIRM-1 
After indexing by the Crysfire, the Unit cell parameters were then determined by 
Chekcell: a = 22.201(3) Å, c = 17.8576(1) Å, I41/acd, FOM (M20) = 21.13. Then this 
cell was refined by model-less Le Bail fitting in the programme of GSAS (Figure 
A2.1) and gives out the final unit cell parameters: a = 22.1937(2), c = 17.8525(1), 
I41/acd. 
 
 
Fig. A2.1 Final observed (crossed), calculated (solid line), difference (below) and reflection 
positions for structure less Le Bail refinements against powder XRD data for 
potassium-exchanged BIRM-1 product, χ2 = 1.937, Rwp = 3.65%, Rp = 2.67%. 
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2.2  Li+-BIRM-1 
After indexing by the Crysfire, the Unit cell parameters were then determined by 
Chekcell: a = 22.228(7) Å, c = 17.9179(4) Å, I41/acd, FOM (M20) = 18.59. Then this 
cell was refined by model-less Le Bail fitting in the programme of GSAS (Figure 
A2.2) and gives out the final unit cell parameters: a = 22.2099(4), c = 17.9155(3), 
I41/acd. 
 
Fig. A2.2 Final observed (crossed), calculated (solid line), difference (below) and reflection 
positions for structure less Le Bail refinements against powder XRD data for 
lithium-exchanged BIRM-1 product, χ2 = 3.257, Rwp = 4.62%, Rp = 3.12%. 
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2.3  Na+-BIRM-1 
After indexing by the Crysfire, the Unit cell parameters were then determined by 
Chekcell: a = 22.20(1) Å, b = 21.517(9) Å, c = 18.06(1) Å, Pnma, FOM (M20) = 21.4. 
Then this cell was refined by model-less Le Bail fitting in the programme of GSAS 
(Figure A2.3) and gives out the final unit cell parameters: a = 22.2150(5), b = 
21.5250(5), c = 18.0773(3), Pnma. 
 
Fig. A2.3 Final observed (crossed), calculated (solid line), difference (below) and reflection 
positions for structure less Le Bail refinements against powder XRD data for 
sodium-exchanged BIRM-1 product, χ2 = 1.792, Rwp = 3.37%, Rp = 2.47%. 
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2.4  Co2+-BIRM-1 
After indexing by the Crysfire, the Unit cell parameters were then determined by 
Chekcell: a = 18.237(4) b = 21.604(6) Å, c = 22.540(5) Å, Ibca, FOM (M20) = 9.2. 
Then this cell was refined by model-less Le Bail fitting in the programme of GSAS 
(Figure A2.4) and gives out the final unit cell parameters: a = 18.1984(4) b = 
21.5299(6), c = 22.4930(5), Ibca. 
 
 
Fig. A2.4 Final observed (crossed), calculated (solid line), difference (below) and reflection 
positions for structure less Le Bail refinements against powder XRD data for Co
2+
-BIRM-1, 
χ2 = 6.306, Rwp = 5.28%, Rp =3.60%. 
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2.5  Mn2+-BIRM-1 
After indexing by the Crysfire, the Unit cell parameters were then determined by 
Chekcell: a = 22.525(8) b = 21.258(7) Å, c = 18.448(5) Å, Pban, FOM (M20) = 27. 
Then this cell was refined by model-less Le Bail fitting in the programme of GSAS 
(Figure A2.5) and gives out the final unit cell parameters: a = 22.5522(5) b = 
21.2562(4), c = 18.4730(4), Pban. 
 
 
Fig. A2.5 Final observed (crossed), calculated (solid line), difference (below) and reflection 
positions for structure less Le Bail refinements against powder XRD data for Mn
2+
-BIRM-1, 
χ2 = 1.637, Rwp = 4.06%, Rp =3.09%. 
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2.6  Mg2+-BIRM-1 
After indexing by the Crysfire, the Unit cell parameters were then determined by 
Chekcell: a = 18.203(3) b = 21.585(4) Å, c = 22.503(4) Å, Ibca, FOM (M20) = 13.88. 
Then this cell was refined by model-less Le Bail fitting in the programme of GSAS 
(Figure A2.6) and gives out the final unit cell parameters: a = 18.1880(4) b = 
21.5354(6), c = 22.4793(6), Ibca. 
 
 
Fig. A2.6 Final observed (crossed), calculated (solid line), difference (below) and reflection 
positions for structure less Le Bail refinements against powder XRD data for Mg
2+
-BIRM-1, 
χ2 = 5.441, Rwp = 4.93%, Rp = 3.38%. 
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Appendix 3  Flame Photometry  
 
3.1  Li+-BIRM-1 
3.1.1 Li+-BIRM-1 Sample Solution Preparation  
0.05 g lithium-exchanged products from three different exchanged samples were 
dissolved in 100 ml for volumetric flask with the help of 1.5 ml of HNO3 (1M). 
 
3.1.2 Lithium ion Content Calculation 
Lithium ion concentrations of the three exchanged sample can be obtained from the 
standard curve. Then the exchange rate can be calculated from the equation (Equation 
A3.1). So for the Li-exchanged product, the exchange rate is approximately 55% 
(Table A3.1). 
 
Calculated⁡Li⁡mass
Mass⁡of⁡Li+-BIRM-1⁡
=
Ar⁡of⁡Lithium
⁡Mr⁡of⁡Li+-BIRM-1
         (Equation A3.1) 
 
hence, 
 
 
Calculated⁡Li⁡Mass
0.05⁡g
= ⁡
6.941𝑥
Mrof⁡(NH4)2-x(Li)x⁡[Zn2(O3PCH2CH2COO)2]·5H2O†
 
 
 
Table A3.1 Flame photometry data of Li
+
-BIRM-1. 
 Sample 1 Sample 2 Sample 3 
Reading 1 70 71.5 70 
Reading 2 70 71 70.5 
Reading 3 71 72 70 
Average 70.33 71.5 70.17 
Concentration 6.96 ppm 7.08 ppm 6.94 ppm 
Mass (in 100ml) 0.696 mg 0.708 mg 0.694 mg 
𝑥 1.10 1.12 1.09 
Exchange rate 55% 56% 55% 
 
                                                             
† Due to not having enough information of the exchanged structure, the amount of contained water was 
assumed to be the same with BIRM-1, so five contained water per mole were used here for calculation. 
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3.2 Na+-BIRM-1 
3.2.1 Na+-BIRM-1 Sample Solution Preparation  
All the sodium-exchanged products were made by mixing 0.02 g of exchanged sample 
into 1 L of volumetric flask with the help of 1.5 ml of HNO3 (1M).  
 
3.2.2 Sodium ion Content Calculation 
Sodium ion concentrations of three different exchanged samples can be obtained from 
the standard curve. Then the exchange rate can be calculated from the equation 
(Equation A3.2). So for the sodium-exchanged product, the exchange rate is 
approximately 84% (Table A3.2). 
 
Calculated⁡Na⁡mass
Mass⁡of⁡Na+-BIRM-1⁡
=
Ar⁡of⁡Sodium
⁡Mr⁡of⁡Na+-BIRM-1
             (Equation A3.2) 
 
hence, 
 
Calculated⁡Na⁡Mass
0.05⁡g
= ⁡
6.941𝑥
Mrof⁡(NH4)2-x(Na)x⁡[Zn2(O3PCH2CH2COO)2]·5H2O†
 
 
Table A3.2 Flame photometry data of Na
+
-BIRM-1. 
 Sample 1 Sample 2 Sample 3 
Reading 1 48 48.5 47 
Reading 2 47.5 48 47.5 
Reading 3 48 48 47.5 
Average 47.83 48.17 47.33 
Concentration 1.36 ppm 1.37 ppm 1.345 ppm 
Mass (in 1L) 1.36 mg 1.37 mg 1.35 mg 
𝑥 1.68 1.69 1.67 
Exchange rate 84% 85% 84% 
 
 
 
                                                             
† Due to not having enough information of the exchanged structure, the amount of contained water was 
assumed to be the same with BIRM-1, so five contained water per mole were used here for calculation. 
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Appendix 4  Crystallographic Data of K+-BIRM-1 
 
 
 
 
Fig.A4.1 The asymmetric unit of K
+
-BIRM-1 with ellipsoids drawn at the 50 % probability 
level. 
 
 
 
Table A4.1 Crystallographic data for K
+
-BIRM-1. 
Empirical formula  (NH4)0.49(K)1.51[Zn2(O3PCH2CH2COO)2]·5.97H2O 
Formula weight  608.25 
Temperature  100(2) K 
Wavelength  0.71075 Å 
Crystal system  Tetragonal 
Space group  I41/acd 
Unit cell dimensions a = 22.153(9) Å 
 c = 17.873(1) Å 
Volume 8771(7) Å
3
 
Cell formula units Z 16 
Density (calculated) 1.842 mg/m
3
 
Absorption coefficient 2.689 mm
−1
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F(000) 4924 
Crystal size 0.30 × 0.02 × 0.02 mm
3
 
Theta range for data collection 2.93 to 25.03° 
Index ranges −20 ≤ h ≤24, −26 ≤ k ≤ 9, −12 ≤ l ≤ 21 
Reflections collected 8244 
Independent reflections 1946 [R(int) = 0.0410] 
Completeness to theta = 27.51° 99.8%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9482 and 0.4993 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 1946 / 0 / 162 
Goodness of fit on F2 1.225 
Final R indices [I>2sigma(I)] R1 = 0.0890, wR2 = 0.1950 
R indices (all data) R1 = 0.1008, wR2 = 0.2019 
Largest diff. peak and hole 0.808 and −0.438 e/Å
3
 
 
 
 
Table A4.1 Atomic coordinates (×10
4
), occupancies and equivalent isotropic displacement 
parameters (×10
3
) for K
+
-BIRM-1, Ueq is defined as one third of the trace of the 
orthogonalized Uij tensor.  
Atom Mult. x y z Occupancy Ueq 
C(1) 32 3056(5) 2335(4) 1666(5) 1 55(2) 
C(2) 32 3022(4) 3013(4) 1777(5) 1 53(2) 
C(3) 32 3491(5) 3281(4) 2294(5) 1 55(2) 
O(1) 32 3855(3) 4308(3) 2943(3) 1 50(2) 
O(2) 32 2724(3) 4092(3) 2932(3) 1 47(1) 
O(3) 32 3245(3) 4385(3) 1749(3) 1 49(2) 
O(4) 32 2670(4) 2137(3) 1221(4) 1 72(2) 
O(5) 32 3420(3) 2010(3) 2013(4) 1 68(2) 
P(1) 32 3324(1) 4061(1) 2499(1) 1 46(1) 
Zn(1) 32 2498(1) 1283(1) 1126(1) 1 48(1) 
K(101) 32 5080(3) 4264(5) 2750(3) 0.420(9) 121(5) 
O(101) 32 5339(12) 3238(19) 1999(19) 0.420(9) 143(13) 
O(102) 32 5455(18) 3584(18) 4050(20) 0.28 119(12) 
O(12') 32 5840(20) 4050(20) 4080(30) 0.15 80(14) 
O(01') 32 5289(13) 2840(14) 1947(16) 0.44(4) 123(13) 
O(02') 32 4815(14) 3473(14) 3251(16) 0.43(3) 153(18) 
O(03') 32 5595(9) 3739(9) 3083(11) 0.189(16) 15(7) 
O(04') 16 5440(20) 5000 2500 0.24(3) 74(18) 
O(05') 8 5000 2500 3750 0.20 100(30) 
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O(301) 32 6397(7) 4172(7) 2598(8) 0.91(3) 175(9) 
K(201) 32 2339(4) 4557(4) 657(7) 0..337(11) 113(5) 
N(201) 16 2059(7) 4560(7) 1250 0.49 46(5) 
 
 
 
Table A4.2 Bond lengths [Å] for K
+
-BIRM-1. 
Bond Bond Length Bond Bond Length 
C(1)-O(5) 1.245(11) O(3)-K(201) 2.825(10) 
C(1)-O(4) 1.247(10) O(4)-Zn(1) 1.938(6) 
C(1)-C(2) 1.517(13) O(4)-K(101)
[f]
 2.830(10) 
C(2)-C(3) 1.513(12) O(4)-K(101)
[g]
 3.075(10) 
C(2)-H(2A) 0.99 Zn(1)-O(3)
[g]
 1.931(6) 
C(2)-H(2B) 0.99 Zn(1)-O(2)
[b]
 1.940(5) 
C(3)-P(1) 1.804(10) Zn(1)-O(1)
[f]
 1.964(6) 
C(3)-H(3A) 0.99 K(101)-O(101) 2.70(3) 
C(3)-H(3B) 0.99 K(101)-O(4)
[a] 
2.830(10) 
O(1)-P(1) 1.522(6) K(101)-O(102) 2.89(4) 
O(1)-Zn(1)
[a]
 1.964(6) K(101)-O(301) 2.937(17) 
O(1)-K(101) 2.738(9) K(101)-O(12’) 2.96(5) 
O(2)-P(1) 1.540(6) K(101)-O(4)
[e]
 3.075(10) 
O(2)-Zn(1)
[b]
 1.940(5) O(301)-K(201)
[e]
 2.96(2) 
O(2)-K(201)
[c]
 2.819(11) K(201)-O(3)
[d]
 2.824(11) 
O(2)-K(201)
 [d]
 2.952(10) K(201)-O(2)
[h]
 2.819(11) 
O(3)-P(1) 1.531(6) K(201)-O(2)
[d]
 2.952(10) 
O(3)-Zn(1)
[e]
 1.931(6) K(201)-O(301)
[g]
 2.96(2) 
O(3)-K(201)
[e]
 2.824(11) K(201)-O(301)[f] 2.305(17) 
O(301)-K(201)[a] 2.305(17)   
Note: Symmetry transformations used to generate equivalent atoms: [a] y+1/4, x+1/4, z+1/4; [b] -x+1/2, 
-y+1/2, -z+1/2; [c] y-1/4, -x+3/4, z+1/4; [d] y-1/4, x+1/4, -z+1/4; [e] y+1/4, -x+3/4, -z+1/4; [f] y-1/4, 
x-1/4, z-1/4; [g] -y+3/4, x-1/4, -z+1/4; [h] -y+3/4, x+1/4, z-1/4. 
 
 
 
Table A4.3 Bond angles [°] for K
+
-BIRM-1. 
Bond Angle Angle Bond Angle  Angle 
O(5)-C(1)-O(4) 124.0(9) H(3A)-C(3)-H(3B) 108 
O(5)-C(1)-C(2) 122.6(8) P(1)-O(1)-Zn(1)
[a]
 122.8(3) 
O(4)-C(1)-C(2) 113.3(9) P(1)-O(1)-K(101) 133.5(3) 
C(3)-C(2)-C(1) 115.7(8) Zn(1)
[a]
-O(1)-K(101) 100.8(3) 
C(3)-C(2)-H(2A) 108.4 P(1)-O(2)-Zn(1)
[b]
 129.5(3) 
C(1)-C(2)-H(2A) 108.4 P(1)-O(2)-K(201)
[c]
 124.2(4) 
C(3)-C(2)-H(2B) 108.4 Zn(1)
[b]
-O(2)-K(201)
[c]
 95.9(3) 
C(1)-C(2)-H(2B) 108.4 P(1)-O(2)-K(201)
[d]
 97.2(3) 
H(2A)-C(2)-H(2B) 107.4 Zn(1)
[b]
-O(2)-K(201)
[d]
 133.3(3) 
C(2)-C(3)-P(1) 110.9(7) K(201)
[c]
-O(2)-K(201)
[d]
 50.2(5) 
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C(2)-C(3)-H(3A) 109.5 P(1)-O(3)-Zn(1)
[e]
 124.5(3) 
P(1)-C(3)-H(3A) 109.5 P(1)-O(3)-K(201)
[e]
 102.7(3) 
C(2)-C(3)-H(3B) 109.5 Zn(1)
[e]
-O(3)-K(201)
[d]
 110.1(3) 
P(1)-C(3)-H(3B) 109.5 P(1)-O(3)-K(201) 138.4(4) 
Zn(1)
[e]
-O(3)-K(201) 95.9(3) O(101)-K(101)-O(301) 71.6(7) 
K(201)
[d]
-O(3)-K(201) 48.0(5) O(1)-K(101)-O(301) 177.3(5) 
C(1)-O(4)-Zn(1) 122.2(7) O(4)
[a]
-K(101)-O(301) 116.8(4) 
C(1)-O(4)-K(101)
[f]
 139.1(7) O(102)-K(101)-O(301) 75.7(9) 
Zn(1)-O(4)-K(101)
[f]
 98.4(3) O(101)-K(101)-O(12’) 98.2(13) 
C(1)-O(4)-K(101)
[g]
 98.8(6) O(1)-K(101)-O(12’) 117.9(11) 
Zn(1)-O(4)-K(101)
[g]
 108.5(3) O(4)
[a]
-K(101)-O(12’) 79.5(11) 
K(101)
[f]
-O(4)-K(101)
[g]
 69.8(4) O(102)-K(101)-O(12’) 26.4(12) 
O(1)-P(1)-O(3) 112.0(3) O(301)-K(101)-O(12’) 59.9(11) 
O(1)-P(1)-O(2) 112.9(3) O(101)-K(101)-O(4)
[e]
 89.2(8) 
O(3)-P(1)-O(2) 108.8(3) O(1)-K(101)-O(4)
[e]
 77.1(2) 
O(1)-P(1)-C(3) 106.9(4) O(4)
[a]
-K(101)-O(4)
[e]
 97.2(3) 
O(3)-P(1)-C(3) 107.2(4) O(102)-K(101)-O(4) 172.6(9) 
O(2)-P(1)-C(3) 108.8(4) O(301)-K(101)-O(4)
[e]
 105.4(4) 
O(3)
[g]
-Zn(1)-O(4) 119.6(3) O(4)-K(101)-O(12’) 159.7(12) 
O(3)
[g]
-Zn(1)-O(2)
[b]
 102.5(2) K(101)-O(301)-K(201)
[e]
 118.8(6) 
O(4)-Zn(1)-O(2)
[b]
 113.0(3) O(3)
[d]
-K(201)-O(2)
[h]
 79.6(3) 
O(3)
[g]
-Zn(1)-O(1)
[f]
 112.7(2) O(3)
[d]
-K(201)-O(3) 109.7(4) 
O(4)-Zn(1)-O(1)
[f]
 97.3(3) O(2)
[h]
-K(201)-O(3) 64.7(2) 
O(2)
[b]
-Zn(1)-O(1)
[f]
 112.1(2) O(3)
[d]
-K(201)-O(2)
[d]
 51.2(2) 
O(101)-K(101)-O(1) 107.6(8) O(2)
[h]
-K(201)-O(2)
[d]
 96.6(3) 
O(101)-K(101)-O(4)
[a]
 167.3(10) O(3)-K(201)-O(2)
[d]
 157.1(4) 
O(1)-K(101)-O(4)
[a]
 63.5(2) O(3)
[d]
-K(201)-O(301)
[g]
 138.7(5) 
O(101)-K(101)-O(102) 84.2(11) O(3)-K(201)-O(301)
[g]
 73.9(3) 
O(1)-K(101)-O(102) 101.7(8) O(2)
[d]
-K(201)-O(301)
[g]
 111.2(5) 
O(4)-K(101)-O(102) 88.7(8) K(201)
[a]
-O(301)-K(101) 123.0(6) 
K(201)
[a]
-O(301)-K(201)
[e]
 53.8(6) O(301)
[f]
-K(201)-O(2)
[h]
 144.0(7) 
O(301)
[f]
-K(201)-O(3)
[d]
 112.8(5) O(301)
[f]
-K(201)-O(3) 132.1(5) 
O(2)
[h]
-K(201)-O(3) 64.7(2) O(301)
[f]
-K(201)-O(2)
[d]
 70.8(4) 
O(301)
[f]
-K(201)-O(301)
[g]
 88.0(7)   
Note: Symmetry transformations used to generate equivalent atoms: [a] y+1/4, x+1/4, z+1/4; [b] -x+1/2, 
-y+1/2, -z+1/2; [c] y-1/4, -x+3/4, z+1/4; [d] y-1/4, x+1/4, -z+1/4; [e] y+1/4, -x+3/4, -z+1/4; [f] y-1/4, 
x-1/4, z-1/4; [g] -y+3/4, x-1/4, -z+1/4; [h] -y+3/4, x+1/4, z-1/4. 
 
 
 
Table A4.4 Anisotropic displacement parameters (Å
2
 × 10
3
) for K
+
-BIRM-1. 
 U
11
 U
22
 U
33
 U
23
 U
13
 U
12
 
C(1) 66(6) 65(6) 33(4) -5(4) 1(4) -12(5) 
C(2) 70(6) 50(5) 40(5) 0(4) 1(4) -5(5) 
C(3) 66(6) 64(6) 35(4) -7(4) -2(4) 5(5) 
O(1) 52(4) 65(4) 33(3) -8(3) -9(3) 4(3) 
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O(2) 54(3) 59(4) 29(3) -2(3) -2(2) 4(3) 
O(3) 59(4) 61(4) 27(3) -5(3) 1(3) -4(3) 
O(4) 114(6) 49(4) 51(4) -8(3) -26(4) -12(4) 
O(5) 72(5) 57(4) 75(5) -3(4) -14(4) -5(3) 
P(1) 56(1) 55(1) 26(1) -6(1) -3(1) 3(1) 
Zn(1) 63(1) 53(1) 29(1) -5(1) -6(1) -3(1) 
K(101) 77(5) 233(12) 52(4) -28(5) -3(3) 47(6) 
O(101) 100(19) 150(30) 180(30) -70(20) -8(18) 27(18) 
O(301) 190(16) 164(14) 173(15) -78(11) -43(11) 52(11) 
K(201) 88(8) 75(6) 178(11) 46(7) -67(7) -16(5) 
N(201) 43(9) 43(9) 53(13) -3(8) 3(8) -21(10) 
 
 
Table A4.5 Hydrogen coordinates (× 10
4
) and isotropic displacement parameters (Å
2
 × 10
3
) 
for K
+
-BIRM-1. 
Atom x y z Ueq 
H(2A) 3060 3210 1282 64 
H(2B) 2617 3113 1976 64 
H(3A) 3894 3252 2058 66 
H(3B) 3502 3047 2767 66 
 
 
Table A4.6 Torsion angles [°] for K
+
-BIRM-1. 
Bond Angle Bond Angle 
O(5)-C(1)-C(2)-C(3) 4.5(13) C(2)-C(3)-P(1)-O(2) 64.3(7) 
O(4)-C(1)-C(2)-C(3) -178.4(8) C(1)-O(4)-Zn(1)-O(3)
[g]
 -65.0(8) 
C(1)-C(2)-C(3)-P(1) -170.4(6) K(101)
[f]
-O(4)-Zn(1)-O(3)
[g]
 120.0(3) 
O(5)-C(1)-O(4)-Zn(1) 9.9(13) K(101)
[g]
-O(4)-Zn(1)-O(3)
[g]
 48.7(4) 
C(2)-C(1)-O(4)-Zn(1) -167.1(6) C(1)-O(4)-Zn(1)-O(2)
[b]
 55.8(8) 
O(5)-C(1)-O(4)-K(101)
[f]
 -177.7(7) K(101)
[f]
-O(4)-Zn(1)-O(2)
[b]
 -119.2(3) 
C(2)-C(1)-O(4)-K(101)
[f]
 5.3(14) K(101)
[g]
-O(4)-Zn(1)-O(2)
[b]
 169.5(3) 
O(5)-C(1)-O(4)-K(101)
[g]
 -108.6(9) C(1)-O(4)-Zn(1)-O(1)
[f]
 173.7(8) 
C(2)-C(1)-O(4)-K(101)
[g]
 74.4(8) K(101)
[f]
-O(4)-Zn(1)-O(1)
[f]
 -1.3(3) 
Zn(1)
[a]
-O(1)-P(1)-O(3) 87.5(4) K(101)
[g]
-O(4)-Zn(1)-O(1)
[f]
 -72.7(4) 
K(101)-O(1)-P(1)-O(3) -69.1(6) P(1)-O(1)-K(101)-O(101) -28.7(11) 
Zn(1)
[a]
-O(1)-P(1)-O(2) -35.7(5) Zn(1)
[a]
-O(1)-K(101)-O(101) 171.2(9) 
K(101)-O(1)-P(1)-O(2) 167.7(5) P(1)-O(1)-K(101)-O(4)
[a]
 161.1(5) 
Zn(1)
[a]
-O(1)-P(1)-C(3) -155.4(4) Zn(1)
[a]
-O(1)-K(101)-O(4)
[a]
 1.0(3) 
K(101)-O(1)-P(1)-C(3) 48.1(6) P(1)-O(1)-K(101)-O(301) -103(9) 
Zn(1)
[e]
-O(3)-P(1)-O(1) 3.6(5) Zn(1)
[a]
-O(1)-K(101)-O(301) 97(10) 
K(201)
[d]
-O(3)-P(1)-O(1) -122.1(4) P(1)-O(1)-K(101)-O(4)
[e]
 56.2(6) 
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K(201)-O(3)-P(1)-O(1) -160.9(5) Zn(1)
[a]
-O(1)-K(101)-O(4)
[e]
 -103.9(3) 
Zn(1)
[e]
-O(3)-P(1)-O(2) 129.1(4) O(101)-K(101)-O(301)-K(201)
[e]
 122.2(11) 
K(201)
[d]
-O(3)-P(1)-O(2) 3.4(4) O(1)-K(101)-O(301)-K(201)
[e] 
-163(9) 
K(201)-O(3)-P(1)-O(2) -35.4(7) O(4)
[a]
-K(101)-O(301)-K(201)
[e]
 -68.2(6) 
Zn(1)
[e]
-O(3)-P(1)-C(3) -113.3(5) O(4)
[e]
-K(101)-O(301)-K(201)
[e]
 38.3(6) 
K(201)
[d]
-O(3)-P(1)-C(3) 121.0(4) P(1)-O(3)-K(201)-O(3)
[d]
 106.2(6) 
K(201)-O(3)-P(1)-C(3) 82.1(7) Zn(1)
[e]
-O(3)-K(201)-O(3)
[d]
 -61.0(4) 
Zn(1)
[b]
-O(2)-P(1)-O(1) -60.5(5) K(201)
[d]
-O(3)-K(201)-O(3)
[d]
 50.8(5) 
K(201)
[c]
-O(2)-P(1)-O(1) 75.6(5) P(1)-O(3)-K(201)-O(2)
[h]
 173.7(5) 
K(201)
[d]
-O(2)-P(1)-O(1) 121.7(4) Zn(1)
[e]
-O(3)-K(201)-O(2)
[h]
 6.5(3) 
Zn(1)
[b]
-O(2)-P(1)-O(3) 174.5(4) K(201)
 [d]
-O(3)-K(201)-O(2)
[h]
 118.3(3) 
K(201)
[c]
-O(2)-P(1)-O(3) -49.4(5) P(1)-O(3)-K(201)-O(2)
[d]
 136.3(11) 
K(201)
[d]
-O(2)-P(1)-O(3) -3.2(4) Zn(1)
[e]
-O(3)-K(201)-O(2)
[d]
 -30.9(14) 
Zn(1)
[b]
-O(2)-P(1)-C(3) 58.0(5) K(201)
[d]
-O(3)-K(201)-O(2)
[d]
 80.9(14) 
K(201)
[c]
-O(2)-P(1)-C(3) -165.9(5) P(1)-O(3)-K(201)-O(301)
[g]
 -117.1(6) 
K(201)
[d]
-O(2)-P(1)-C(3) -119.8(4) Zn(1)
[e]
-O(3)-K(201)-O(301)
[g]
 75.6(4) 
C(2)-C(3)-P(1)-O(1) -173.5(6) K(201)
[d]
-O(3)-K(201)-O(301)
[g]
 -172.6(4) 
C(2)-C(3)-P(1)-O(3) -53.2(7) P(1)-O(1)-K(101)-O(102) -116.3(9) 
Zn(1)
[a]
-O(1)-K(101)-O(102) 83.6(8) P(1)-O(1)-K(101)-O(12') -138.5(13) 
Zn(1)
[a]
-O(1)-K(101)-O(12') 61.4(13) O(101)-K(101)-O(301)-K(201)[a] -174.3(13) 
O(1)-K(101)-O(301)-K(201)[a] -100(10) O(4)[a]-K(101)-O(301)-K(201)[a] -4.7(11) 
O(102)-K(101)-O(301)-K(201) [a] -85.8(12) O(12')-K(101)-O(301)-K(201)[a] -62.8(15) 
O(4) [e]-K(101)-O(301)-K(201)[a] 101.9(8) O(102)-K(101)-O(301)-K(201)[e] -149.3(9) 
O(12')-K(101)-O(301)-K(201)[e] -126.3(14) P(1)-O(3)-K(201)-O(301)[f] -45.2(12) 
Zn(1)[e]-O(3)-K(201)-O(301)[f] 147.6(9) K(201)[d]-O(3)-K(201)-O(301)[f] -100.6(9) 
Note: Symmetry transformations used to generate equivalent atoms: [a] y+1/4, x+1/4, z+1/4; [b] -x+1/2, 
-y+1/2, -z+1/2; [c] y-1/4, -x+3/4, z+1/4; [d] y-1/4, x+1/4, -z+1/4; [e] y+1/4, -x+3/4, -z+1/4; [f] y-1/4, 
x-1/4, z-1/4; [g] -y+3/4, x-1/4, -z+1/4; [h] -y+3/4, x+1/4, z-1/4. 
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Appendix 5  Crystallographic Data of the Previously Partially 
Solved Co2+-BIRM-1  
 
 
Table A5.1 Crystal data and structure refinement. 
Empirical formula  C6H8O10P2Zn2 
Formula weight  432.74 
Temperature  120(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Ibca 
Unit cell dimensions a = 17.9820(6) Å 
 b = 21.9627(1) Å 
 c = 22.2266(1) Å 
Volume 8878.0(7) Å
3
 
Z 16 
Density (calculated) 1.816 mg/m
3
 
Absorption coefficient 3.126 mm
−1
 
F(000) 4816 
Crystal size 0.14 × 0.04 × 0.01 mm
3
 
Theta range for data collection 2.91 to 27.48° 
Index ranges −23 ≤ h ≤ 22, −27 ≤ k ≤ 28, −28 ≤ l ≤ 28 
Reflections collected 28408 
Independent reflections 5006 [R(int) = 0.0576] 
Completeness to theta = 27.48° 99.1%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9694 and 0.6688 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 5006 / 0 / 181 
Goodness of fit on F2 1.066 
Final R indices [I>2sigma(I)] R1 = 0.1000, wR2 = 0.2195 
R indices (all data) R1 = 0.0776, wR2 = 0.2041 
Largest diff. peak and hole 0.664 and −0.655 e/Å
3
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Table A5.2 Atomic coordinates (×10
4
), occupancies and equivalent isotropic displacement 
parameters (×10
3
) for the framework of the previously solved Co
2+
-BIRM-1, Ueq is defined as 
one third of the trace of the orthogonalized Uij tensor.  
Atom Mult. x y z Occupancy Ueq 
C(1) 16 3380(4) 1936(4) 2364(3) 1 45(2) 
C(2) 16 3262(4) 1983(4) 3035(3) 1 47(2) 
C(3) 16 2746(4) 1510(3) 3307(3) 1 40(2) 
C(4) 16 4129(4) 171(3) 4428(4) 1 46(2) 
C(5) 16 4261(5) -516(3) 4468(4) 1 53(2) 
C(6) 16 5221(4) 4214(4) 1005(3) 1 43(2) 
O(1) 16 4280(3) 1896(2) 755(2) 1 40(1) 
O(2) 16 3786(4) 2342(3) 2145(2) 1 65(2) 
O(3) 16 3062(4) 1556(3) 2047(2) 1 64(2) 
O(4) 16 2043(3) 1159(2) 4302(2) 1 43(2) 
O(5) 16 2081(3) 2286(2) 4063(2) 1 43(1) 
O(6) 16 3221(3) 1775(2) 4416(2) 1 43(1) 
O(7) 16 3698(3) 355(3) 4819(3) 1 61(2) 
O(8) 16 4461(4) 492(3) 4061(3) 1 63(2) 
O(9) 16 4574(3) 3433(2) 232(2) 1 47(1) 
O(10) 16 4537(3) 3203(2) 1359(2) 1 47(1) 
P(1) 16 25098(10) 16893(8) 40595(7) 1 36(4) 
P(2) 16 49957(11) 34486(8) 8272(8) 1 39(4) 
Zn(1) 16 38772(5) 25052(4) 12950(3) 1 40(2) 
Zn(2) 16 36203(4) 12222(4) 50074(4) 1 39(2) 
 
 
 
 
Table A5.3 Bond lengths [Å] for the framework of the previously solved Co
2+
-BIRM-1. 
Bond Bond Length Bond Bond Length 
C(1)-O(3) 1.231(10) O(4)-P(1) 1.534(5) 
C(1)-O(2) 1.251(10) O(4)-Zn(2)
[b]
 1.949(4) 
C(1)-C(2) 1.510(10) O(2)-Zn(1) 1.931(5) 
C(2)-C(3) 1.519(10) O(7)-Zn(2) 1.955(6) 
C(2)-H(2A) 0.9900 O(1)-P(2)
[a]
 1.516(5) 
C(2)-H(2B) 0.9900 O(1)-Zn(1) 1.937(5) 
C(3)-P(1) 1.770(7) O(9)-P(2) 1.525(6) 
C(3)-H(3A) 0.9900 O(9)-Zn(2)
[e]
 1.941(5) 
C(3)-H(3B) 0.9900 O(10)-P(2) 1.539(5) 
C(4)-O(7) 1.233(9) O(10)-Zn(1) 1.944(5) 
C(4)-O(8) 1.233(10) P(2)-O(1)
[a]
 1.516(5) 
C(4)-C(5) 1.530(11) Zn(1)-O(5)
[d]
 1.952(5) 
C(5)-C(6)
[c]
 1.523(11) Zn(2)-O(9)
[e]
 1.941(5) 
C(5)-H(5A) 0.9900 Zn(2)-O(4)
[b]
 1.949(4) 
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C(5)-H(5B) 0.9900 O(5)-P(1) 1.521(5) 
C(6)-C(5)
 [c]
 1.523(11) O(5)-Zn(1)
[d]
 1.952(5) 
C(6)-P(2) 1.773(8) O(6)-P(1) 1.517(5) 
C(6)-H(6A) 0.9900 O(6)-Zn(2) 1.928(5) 
C(6)-H(6B) 0.9900 
  
Note: Symmetry transformations used to generate equivalent atoms: [a] -x, -y+1/2, z; [b] -x+1/2, y, -z; 
[c] -x+1, y+1/2, -z+1/2; [d] -x+1/2, -y+1/2, -z+1/2; [e] x, -y+1/2, z+1/2. 
 
 
 
Table A5.4 Bond angles [°] for the framework of the previously solved Co
2+
-BIRM-1. 
Bond Angle Angle Bond Angle Angle 
O(3)-C(1)-O(2) 122.1(7) O(6 )-P(1)-O(4) 111.8(3) 
O(3)-C(1)-C(2) 123.1(7) O(5)-P(1)-O(4) 112.1(3) 
O(2)-C(1)-C(2) 114.6(7) O(6)-P(1)-C(3) 108.6(3) 
C(1)-C(2)-C(3) 115.6(7) O(5)-P(1)-C(3) 108.5(3) 
C(1)-C(2)-H(2A) 108.4 O(4) -P(1)- C(3) 107.1(3) 
C(3)-C(2)-H(2A) 108.4 O(1 )
[a] 
-P(2)-O(9) 108.9(3) 
C(1)-C(2)-H(2B) 108.4 O(1)
[a]
-P(2)-O(10) 111.5(3) 
C(3)-C(2)-H(2B) 108.4 O(9)-P(2)-O(10) 113.1(3) 
H(2A)-C(2)-H(2B) 107.4 O(1)
[a] 
-P(2)-C(6) 107.5(3) 
C(2)-C(3)-P(1) 111.7(5) O(9)-P(2)-C(6) 109.1(3) 
C(2)-C(3)-H(3A) 109.3 O(10)-P(2)-C(6) 106.5(3) 
P(1)-C(3)-H(3A) 109.3 O(2)-Zn(1)-O(10) 97.3(2) 
C(2)-C(3)-H(3B) 109.3 O(2)-Zn(1)-O(1) 120.6(3) 
P(1)-C(3)-H(3B) 109.3 O(10)-Zn(1)-O(1) 111.2(2) 
H(3A)-C(3)-H(3B) 107.9 O(2 )-Zn(1)-O(5)
[d]
 111.5(2) 
O(7)-C(4)-O(8) 125.6(7) O(10)-Zn(1)-O(5)
[d]
 112.6(2) 
O(7)-C(4)-C(5) 112.4(7) O(1)-Zn(1)-O(5)
[d]
 103.8(2) 
O(8)-C(4)-C(5) 121.9(7) O(9)
[e]
-Zn(2)-O(6) 105.0(2) 
C(6)
[c]
-C(5)-C(4) 116.0(7) O(9)
[e]
-Zn(2)-O(7) 111.9(2) 
C(6)
[c]
-C(5)-H(5A) 108.3 O(6)-Zn(2 )-O(7) 119.6(3) 
C(4 )-C(5) -H(5A) 108.3 O(9)
[e]
-Zn(2)-O(4)
 [b]
 111.5(2) 
C(6)
[c]
-C(5 )-H(5B) 108.3 O(6)-Zn(2)-O(4)
[b]
 110.7(2) 
C(4)-C(5)-H(5B) 108.3 O(7)-Zn(2)-O(4)
[b]
 98.2(2) 
H(5A)-C(5)-H(5B) 107.4 P(1)-O(6)-Zn(2) 126.3(3) 
C(5)
[c]
-C(6)- P(2) 110.8(5) P(1)-O(4)-Zn(2)
[b]
 123.9(3) 
C(5)
[c]
-C(6 )-H(6A) 109.5 C(1)-O(2)-Zn(1) 124.3(6) 
P(2)-C(6 )-H(6A) 109.5 C(4)-O(7)-Zn(2) 121.1(6) 
C(5)
[c]
-C(6)-H(6B) 109.5 P(2)
[a]
-O(1)-Zn(1) 126.9(3) 
P(2)-C(6)-H(6B) 109.5 P(2)-O(9)-Zn(2)
[e]
 130.8(3) 
H(6A)-C(6)-H(6B) 108.1 P(2)-O(10)-Zn(1) 123.1(3) 
P(1)-O(5)-Zn(1)
[d]
 130.4(3) O(6)-P(1)-O(5) 108.5(3) 
Note: Symmetry transformations used to generate equivalent atoms: [a] -x, -y+1/2, z; [b] -x+1/2, y, -z; 
[c] -x+1, y+1/2, -z+1/2; [d] -x+1/2, -y+1/2, -z+1/2; [e] x, -y+1/2, z+1/2. 
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Table A5.5 Anisotropic displacement parameters (Å
2
 × 10
3
) for the framework of the 
previously solved Co
2+
-BIRM-1. 
 U
11
 U
22
 U
33
 U
23
 U
13
 U
12
 
C(1) 42(4) 56(5) 39(4) 4(3) 12(3) 4(3) 
C(2) 50(4) 57(5) 34(3) 9(3) 0(3) -11(4) 
C(3) 35(3) 42(54) 43(4) -6(3) 5(3) -5(3) 
C(4) 36(4) 42(4) 60(5) -16(4) 0(3) 5(3) 
C(5) 59(5) 35(4) 66(5) -10(4) 3(4) -17(3) 
C(6) 38(4) 48(4) 44(4) -2(3) 3(3) -15(3) 
O(1) 39(2) 43(3) 37(3) 0(2) -9(2) 4(2) 
O(2) 76(4) 85(5) 83(3) 11(3) 16(3) -28(3) 
O(3) 79(4) 75(4) 36(3) 1(3) 8(3) -10(3) 
O(4) 49(3) 37(3) 41(3) -3(2) 20(2) -17(2) 
O(5) 44(3) 32(2) 57(3) 2(2) 16(2) -4(2) 
O(6) 39(3) 50(3) 39(2) -2(2) -1(2) 14(2) 
O(7) 65(4) 38(3) 79(4) 10(3) 25(3) 13(3) 
O(8) 77(4) 36(3) 76(4) -4(3) 18(3) -8(3) 
O(9) 38(5) 52(3) 50(3) -1(3) 10(2) -10(2) 
O(10) 62(3) 43(3) 35(2) -4(2) 10(2) -18(2) 
P(1) 43(9) 36(9) 31(8) -26(7) 10.3(7) -71(7) 
P(2) 43(9) 32(8) 41(9) 1(7) 8(8) 8(7) 
Zn(1) 50(5) 37(4) 33(4) 1(3) 9(3) -8(4) 
Zn(2) 43(5) 36(4) 38(4) -4(3) 11(3) 5(3) 
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Appendix 6  Crystallographic data of Mg2+-BIRM-1 
 
 
 
Fig. A6.1 The asymmetric unit of Mg
2+
-BIRM-1 with ellipsoids drawn at the 50 % probability 
level. 
 
Table A6.1 Crystallographic data for Mg
2+
-BIRM-1. 
Empirical formula  (NH4)[Mg(H2O)6]0.5[Zn2(O3PCH2CH2COO)2]·4.40H2O 
Formula weight  596.34 
Temperature  100(2) K 
Wavelength  0.71075 Å 
Crystal system  Orthorhombic 
Space group  Ibca 
Unit cell dimensions a = 18.1497(9) Å 
 b = 21.5905(1) Å 
 c = 22.4538(2) Å 
Volume 8798.8(9) Å
3
 
Cell formula units Z 16 
Density (calculated) 1.801 mg/m
3
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Absorption coefficient 2.417 mm
−1
 
F(000) 4880 
Crystal size 0.19 × 0.02 × 0.01 mm
3
 
Theta range for data collection 3.45 to 27.49° 
Index ranges −23 ≤ h ≤ 14, −28 ≤ k ≤ 10, −29 ≤ l ≤ 20 
Reflections collected 12533 
Independent reflections 5019 [R(int) = 0.0522] 
Completeness to theta = 27.49° 99.3%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9762 and 0.6566 
Refinement method Full-matrix least-squares on F
2
 
Data / restraints / parameters 5019 / 21 / 289 
Goodness of fit on F2 1.076 
Final R indices [I>2sigma(I)] R1 = 0.0842, wR2 = 0.2064 
R indices (all data) R1 = 0.1228, wR2 = 0.2290 
Largest diff. peak and hole 1.237 and −0.637 e/Å
3
 
 
 
 
 
Table A6.1 Atomic coordinates (×10
4
), occupancies and equivalent isotropic displacement 
parameters (×10
3
) for Mg
2+
-BIRM-1, Ueq is defined as one third of the trace of the 
orthogonalized Uij tensor.  
Atom Mult. x y z Occupancy Ueq 
C(1) 16 853(5) 5205(5) 581(5) 1 42(2) 
C(2) 16 720(6) 4515(5) 545(5) 1 53(3) 
C(3) 16 168(5) 4252(4) 980(5) 1 41(2) 
C(4) 16 1609(5) 6961(4) 2603(4) 1 35(2) 
C(5) 16 1752(6) 7024(5) 1950(4) 1 37(2) 
C(6) 16 2241(5) 6531(4) 1673(3) 1 27(2) 
O(1) 16 -433(3) 3400(3) 243(3) 1 36(1) 
O(2) 16 704(3) 3120(3) 788(3) 1 30(1) 
O(3) 16 -495(3) 3231(3) 1355(2) 1 34(1) 
O(4) 16 1307(3) 5389(3) 197(3) 1 43(2) 
O(5) 16 508(5) 5548(4) 917(4) 1 63(2) 
O(6) 16 1795(3) 6829(3) 573(2) 1 28(1) 
O(7) 16 2932(3) 7331(3) 953(3) 1 28(1) 
O(8) 16 2049(3) 6181(3) -693(2) 1 27(1) 
O(9) 16 1203(4) 2629(4) 2175(3) 1 54(2) 
O(10) 16 1914(4) 6566(4) 2917(3) 1 56(2) 
P(1) 16 -33(1) 3459(1) 834(1) 1 27(1) 
P(2) 16 2498(1) 6726(1) 934(1) 1 23(1) 
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Zn(1) 16 1386(1) 6259(1) -7(1) 1 27(1) 
Zn(2) 16 1116(1) 2509(1) 1319(1) 1 28(1) 
O(101) 16 993(8) 9082(7) 844(7) 0.5 55(4) 
O(102) 16 3057(8) 9528(8) 1556(8) 0.5 63(4) 
O(103) 16 1703(8) 10180(6) 1433(5) 0.5 43(3) 
O(104) 16 2435(8) 8525(7) 719(8) 0.5 64(4) 
O(105) 16 1754(9) 8847(8) 1901(7) 0.5 67(4) 
O(106) 16 2324(7) 9727(7) 329(8) 0.5 61(4) 
Mg(11) 16 2016(3) 9338(3) 1147(3) 0.5 36(1) 
N(201) 16 943(5) 7150(5) 5380(4) 1 60(2) 
O(01') 16 3103(13) 9774(13) 2247(11) 0.6(4) 153(15) 
O(02') 16 717(9) 8937(7) 1972(7) 0.29(2) 15(5) 
O(03') 16 430(20) 8723(19) 1140(18) 0.27(3) 88(18) 
O(301) 8 0 7500 5488(9) 0.65 8(5) 
O(31') 16 36(8) 7640(9) 5513(9) 0.35 6(4) 
O(401) 16 453(10) 5509(9) 2159(8) 0.85(4) 149(10) 
O(601) 16 864(11) 9101(10) 2783(9) 0.54(3) 91(9) 
O(701) 16 313(14) 8090(15) 2218(11) 0.42(4) 90(12) 
O(702) 16 370(20) 8570(20) 2359(18) 0.24(3) 74(18) 
O(801) 16 225(9) 3151(9) 3858(8) 0.37(2) 40(6) 
O(901) 8 0 2500 2820(30) 0.29(5) 100(30) 
 
 
Table A6.2 Bond lengths [Å] for Mg
2+
-BIRM-1. 
Bond Bond Length Bond Bond Length 
C(1)-O(5) 1.228(13) O(3)-Zn(2)
[c]
 1.955(6) 
C(1)-O(4) 1.257(11) O(4)-Zn(1) 1.940(7) 
C(1)-C(2) 1.512(14) O(6)-P(2) 1.528(6) 
C(2)-C(3) 1.508(12) O(6)-Zn(1) 1.940(6) 
C(2)-H(2A) 0.9900 O(7)-P(2) 1.527(6) 
C(2)-H(2B) 0.9900 O(7)-Zn(2)
[d]
 1.950(6) 
C(3)-P(1) 1.781(9) O(8)-P(2)
[e]
 1.535(6) 
C(3)-H(3A) 0.9900 O(8)-Zn(1) 1.962(5) 
C(3)-H(3B) 0.9900 O(9)-C(4)
[a]
 1.257(11) 
C(4)-O(10) 1.237(11) O(9)-Zn(2) 1.946(6) 
C(4)-O(9)
[a]
 1.257(11) P(2)-O(8)
[e]
 1.535(6) 
C(4)-C(5) 1.494(12) Zn(1)-O(1)
[b]
 1.953(6) 
C(5)-C(6) 1.520(12) Zn(2)-O(7)
[f]
 1.950(6) 
C(5)-H(5A) 0.9900 Zn(2)-O(3)
[c]
 1.955(6) 
C(5)-H(5B) 0.9900 O(101)-Mg(11) 2.054(16) 
C(6)-P(2) 1.775(8) O(102)-Mg(11) 2.140(15) 
C(6)-H(6A) 0.9900 O(103)-Mg(11) 2.011(14) 
C(6)-H(6B) 0.9900 O(104)-Mg(11) 2.139(18) 
O(1)-P(1) 1.519(6) O(105)-Mg(11) 2.052(16) 
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O(1)-Zn(1)
[b]
 1.953(6) O(106)-Mg(11) 2.095(17) 
O(2)-P(1) 1.528(6) O(31')- O(31')
[g]
 0.62(4) 
O(2)-Zn(2) 1.929(6) O(31')-N(201)
[g]
 1.857(17) 
O(3)-P(1) 1.522(6)   
Note: Symmetry transformations used to generate equivalent atoms: [a] x+0, -y+1, -z+1/2; [b] -x, -y+1, 
-z; [c] -x+0, -y+1/2, z+0; [d] -x+1/2, y+1/2, z; [e] -x+1/2, y+0, -z+0; [f] -x+1/2, y-1/2, z; [g] –x+0, 
-y+3/2, z+0. 
 
 
Table A6.3 Bond angles [°] for Mg
2+
-BIRM-1. 
Bond Angle Angle Bond Angle Angle 
O(5)-C(1)-O(4) 124.4(9) P(1)-C(3)-H(3A) 109.2 
O(5)-C(1)-C(2) 123.1(8) C(2)-C(3)-H(3B) 109.2 
O(4)-C(1)-C(2) 112.2(10) P(1)-C(3)-H(3B) 109.2 
C(3)-C(2)-C(1) 116.1(9) H(3A)-C(3)-H(3B) 107.9 
C(3)-C(2)-H(2A) 108.3 O(10)-C(4)-O(9)
[a]
 121.4(8) 
C(1)-C(2)-H(2A) 108.3 O(10)-C(4)-C(5) 123.0(8) 
C(3)-C(2)-H(2B) 108.3 O(9)
[a]
-C(4)-C(5) 115.3(8) 
C(1)-C(2)-H(2B) 108.3 C(4)-C(5)-C(6) 116.0(8) 
H(2A)-C(2)-H(2B) 107.4 C(4)-C(5)-H(5A) 108.3 
C(2)-C(3)-P(1) 112.1(7) C(6)-C(5)-H(5A) 108.3 
C(2)-C(3)-H(3A) 109.2 C(4)-C(5)-H(5B) 108.3 
C(6)-C(5)-H(5B) 108.3 O(6)-Zn(1)-O(4) 118.9(3) 
H(5A)-C(5)-H(5B) 107.4 O(6)-Zn(1)-O(1)
[b]
 106.3(3) 
C(5)-C(6)-P(2) 111.7(6) O(4)-Zn(1)-O(1)
[b]
 111.3(3) 
C(5)-C(6)-H(6A) 109.3 O(6)-Zn(1)-O(8) 110.3(2) 
P(2)-C(6)-H(6A) 109.3 O(4)-Zn(1)-O(8) 98.5(3) 
C(5)-C(6)-H(6B) 109.3 O(1)
[b]
-Zn(1)-O(8) 111.3(2) 
P(2)-C(6)-H(6B) 109.3 O(2)-Zn(2)-O(9) 123.4(3) 
H(6A)-C(6)-H(6B) 107.9 O(2)-Zn(2)-O(7)
[f]
 102.6(2) 
P(1)-O(1)-Zn(1)
[b]
 128.9(4) O(9)-Zn(2)-O(7)
[f]
 111.7(3) 
P(1)-O(2)-Zn(2) 128.8(3) O(2)-Zn(2)-O(3)
[c]
 111.2(2) 
P(1)-O(3)-Zn(2)
[c]
 123.3(3) O(9)-Zn(2)-O(3)
[c]
 96.6(3) 
C(1)-O(4)-Zn(1) 121.0(7) O(7)
[f]
-Zn(2)-O(3)
[c]
 111.6(2) 
P(2)-O(6)-Zn(1) 125.7(3) O(103)-Mg(11)-O(105) 97.9(7) 
P(2)-O(7)-Zn(2)
[d]
 129.6(3) O(103)-Mg(11)-O(101) 95.3(7) 
P(2)
[e]
 -O(8)-Zn(1) 122.6(3) O(105)-Mg(11)-O(101) 85.7(7) 
C(4)
[a]
-O(9)-Zn(2) 122.4(6) O(103)-Mg(11)-O(106) 89.6(6) 
O(1)-P(1)-O(3) 112.5(3) O(105)-Mg(11)-O(106) 172.5(8) 
O(1)-P(1)-O(2) 108.6(3) O(101)-Mg(11)-O(106) 93.4(7) 
O(3)-P(1)-O(2) 112.3(3) O(103)-Mg(11)-O(104) 170.2(6) 
O(1)-P(1)-C(3) 109.8(4) O(105)-Mg(11)-O(104) 91.7(7) 
O(3)-P(1)-C(3) 106.4(4) O(101)-Mg(11)-O(104) 87.3(7) 
O(2)-P(1)-C(3) 107.1(4) O(106)-Mg(11)-O(102) 80.9(7) 
O(7)-P(2)-O(6) 108.8(3) O(103)-Mg(11)-O(102) 86.5(7) 
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O(7)-P(2)-O(8)
[e]
 112.9(3) O(105)-Mg(11)-O(102) 87.1(7) 
O(6)-P(2)-O(8)
[e]
 111.9(3) O(101)-Mg(11)-O(102) 172.8(7) 
O(7)-P(2)-C(6) 108.3(4) O(106)-Mg(11)-O(102) 93.7(6) 
O(6)-P(2)-C(6) 108.1(4) O(104)-Mg(11)-O(102) 92.1(7) 
O(8)
[e]
-P(2)-C(6) 106.7(4)   
Note: Symmetry transformations used to generate equivalent atoms: [a] x+0, -y+1, -z+1/2; [b] -x, -y+1, 
-z; [c] -x+0, -y+1/2, z+0; [d] -x+1/2, y+1/2, z; [e] -x+1/2, y+0, -z+0; [f] -x+1/2, y-1/2, z; [g] –x+0, 
-y+3/2, z+0. 
 
 
Table A6.4 Anisotropic displacement parameters (Å
2
 × 10
3
) for Mg
2+
-BIRM-1. 
 U
11
 U
22
 U
33
 U
23
 U
13
 U
12
 
C(1) 30(5) 36(5) 59(6) 19(5) 0(4) -11(4) 
C(2) 48(6) 34(5) 79(8) 22(5) 24(6) 1(5) 
C(3) 36(5) 28(4) 58(6) 10(4) 13(4) -7(4) 
C(4) 41(5) 39(5) 26(4) -5(4) 4(4) -1(4) 
C(5) 43(5) 45(5) 24(4) -6(4) 5(4) 5(4) 
C(6) 31(4) 32(4) 18(4) 2(3) 4(3) 3(3) 
O(1) 23(3) 50(4) 35(3) 8(3) 2(2) -7(3) 
O(2) 32(3) 26(3) 33(3) 5(2) -1(2) 2(2) 
O(3) 43(3) 29(3) 30(3) -3(2) 11(3) -5(3) 
O(4) 33(3) 37(4) 58(4) 13(3) 10(3) -8(3) 
O(5) 75(6) 38(4) 76(6) 13(4) 25(5) -10(4) 
O(6) 30(3) 31(3) 22(3) -2(2) 1(2) 6(2) 
O(7) 24(3) 21(3) 40(3) 1(2) 6(2) 3(2) 
O(8) 30(3) 26(3) 26(3) -5(2) 8(2) -7(2) 
O(9) 67(5) 72(6) 24(3) -9(3) -15(3) -18(4) 
O(10) 74(5) 72(5) 21(3) 3(3) 7(3) 8(4) 
P(1) 25(1) 23(1) 33(1) 4(1) 2(1) -3(1) 
P(2) 23(1) 24(1) 22(1) 2(1) 6(1) 2(1) 
Zn(1) 23(1) 31(1) 27(1) 5(1) 5(1) -2(1) 
Zn(2) 31(1) 28(1) 25(1) -2(1) -8(1) -1(1) 
O(101) 49(8) 44(8) 73(11) -2(8) -14(8) -5(7) 
O(102) 44(5) 67(8) 79(8) 16(7) -26(5) -9(5) 
O(103) 82(10) 28(6) 20(6) 5(5) 13(6) -6(7) 
O(104) 50(7) 46(7) 95(9) 24(7) 4(7) 6(6) 
O(105) 54(6) 84(8) 64(7) 41(6) 5(6) 5(6) 
O(106) 35(8) 57(10) 90(12) 16(9) -6(7) -14(7) 
Mg(11) 31(3) 36(3) 40(3) 10(3) -8(2) -3(3) 
 
 
Table A6.5 Hydrogen coordinates (× 10
4
) and isotropic displacement parameters (Å
2
 × 10
3
) 
for Mg
2+
-BIRM-1. 
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Atom x y z Ueq 
H(2A) 552 4415 137 64 
H(2B) 1196 4301 608 64 
H(3A) -293 4498 957 49 
H(3B) 365 4294 1390 49 
H(5A) 1981 7433 1879 45 
H(5B) 1272 7020 1740 45 
H(6A) 1975 6130 1670 33 
H(6B) 2690 6480 1918 33 
 
 
Table A6.6 Torsion angles [°] for Mg
2+
-BIRM-1. 
Bond Angle Bond Angle 
O(5)-C(1)-C(2)-C(3) -4.0(16) Zn(2)
[d]
-O(7)-P(2)-C(6) 64.6(5) 
O(4)-C(1)-C(2)-C(3) -178.6(9) Zn(1)-O(6)-P(2)-O(7) 138.0(4) 
C(1)-C(2)-C(3)-P(1) 172.3(8) Zn(1)-O(6)-P(2)-O(8)
[e]
 12.6(5) 
O(10)-C(4)-C(5)-C(6) 6.0(14) Zn(1)-O(6)-P(2)-C(6) -104.6(4) 
O(9)
[a]
-C(4)-C(5)-C(6) -180.0(8) C(5)-C(6)-P(2)-O(7) 61.2(7) 
C(4)-C(5)-C(6)-P(2) -169.9(7) C(5)-C(6)-P(2)-O(6) -56.5(7) 
O(5)-C(1)-O(4)-Zn(1) -11.3(14) C(5)-C(6)-P(2)-O(8)
[e]
 -177.0(6) 
C(2)-C(1)-O(4)-Zn(1) 163.2(7) P(2)-O(6)-Zn(1)-O(4) 46.7(5) 
Zn(1)
[b]
-O(1)-P(1)-O(3) 56.2(6) P(2)-O(6)-Zn(1)-O(1)
[b]
 173.3(4) 
Zn(1)
[b]
-O(1)-P(1)-O(2) -178.8(4) P(2)-O(6)-Zn(1)-O(8) -65.9(5) 
Zn(1)
[b]
-O(1)-P(1)-C(3) -62.9(6) C(1)-O(4)-Zn(1)-O(6) 69.8(8) 
Zn(2)
[c]
-O(3)-P(1)-O(1) 40.2(6) C(1)-O(4)-Zn(1)-O(1)
[b]
 -54.4(8) 
Zn(2)
[c]
-O(3)-P(1)-O(2) -82.7(5) C(1)-O(4)-Zn(1)-O(8) -171.3(7) 
Zn(2)
[c]
-O(3)-P(1)-C(3) 160.4(5) P(2)
[e]
-O(8)-Zn(1)-O(6) -35.5(5) 
Zn(2)-O(2)-P(1)-O(1) -129.4(4) P(2)
[e]
-O(8)-Zn(1)-O(4)
 
-160.8(4) 
Zn(2)-O(2)-P(1)-O(3) -4.2(6) P(2)
[e]
-O(8)-Zn(1)-O(1)
[b]
 82.3(4) 
Zn(2)-O(2)-P(1)-C(3) 112.2(5) P(1)-O(2)-Zn(2)-O(9) -51.8(6) 
C(2)-C(3)-P(1)-O(1) -66.7(8) P(1)-O(2)-Zn(2)-O(7)
[f]
 -178.7(4) 
C(2)-C(3)-P(1)-O(3) 171.3(7) P(1)-O(2)-Zn(2)-O(3)
[c]
 61.9(5) 
C(2)-C(3)-P(1)-O(2) 51.1(9) C(4)
[a]
-O(9)-Zn(2)-O(2) -64.4(9) 
Zn(2)
[d]
-O(7)-P(2)-O(6) -178.1(4) C(4)
[a]
-O(9)-Zn(2)-O(7)
[f]
 58.5(9) 
Zn(2)
[d]
-O(7)-P(2)-O(8)
[e]
 -53.3(5) C(4)
[a]
-O(9)-Zn(2)-O(3)
[c]
 174.8(8) 
Note: Symmetry transformations used to generate equivalent atoms: [a] x+0, -y+1, -z+1/2; [b] –x+0, 
-y+1, -z; [c] -x+0, -y+1/2, z+0; [d] -x+1/2, y+1/2, z; [e] -x+1/2, y+0, -z+0; [f] -x+1/2, y-1/2, z; [g] –x+0, 
-y+3/2, z+0. 
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Appendix 7 IR Spectra  
7.1 Dehydrated and rehydrated BIRM-1 
IR spectra of dehydrated and rehydrated BIRM-1 and ion-exchanged products, Figure 
A7.1–A7.6 
 
Fig. A7.1 FTIR spectra of (a) dehydrated BIRM-1 and (b) rehydrated BIRM-1. 
 
Fig. A7.2 FTIR spectra of (a) dehydrated Mn
2+
-BIRM-1 and (b) rehydrated Mn
2+
-BIRM-1. 
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Fig. A7.3 FTIR spectra of (a) dehydrated Mg
2+
-BIRM-1 and (b) rehydrated Mg
2+
-BIRM-1. 
 
 
Fig. A7.4 FTIR spectra of (a) dehydrated Na
+
-BIRM-1 and (b) rehydrated Na
+
-BIRM-1. 
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Fig. A7.5 FTIR spectra of (a) dehydrated Li
+
-BIRM-1 and (b) rehydrated Li
+
-BIRM-1. 
 
 
Fig. A7.6 FTIR spectra of (a) dehydrated Co
2+
-BIRM-1 and (b) rehydrated Co
2+
-BIRM-1. 
 
 
 
251 
 
7.2 IR spectra for organic treated K+-BIRM-1 
FTIR spectra for organic treated K
+
-BIRM-1 and its evacuated products, Figure A7.7–
A7.11. 
 
Fig. A7.7 FTIR spectra of (a) dichloromethane treated K
+
-BIRM-1, (b) after 5 hours 
evacuation and (c) after 15 hours evacuation. 
 
Fig. A7.8 FTIR spectra of (a) chloroform treated K
+
-BIRM-1, (b) after 5 hours evacuation and 
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(c) after 15 hours evacuation. 
 
Fig. A7.9 FTIR spectra of (a) methanol treated K
+
-BIRM-1, (b) after 5 hours evacuation and 
(c) after 15 hours evacuation. 
 
 
Fig. A7.10 FTIR spectra of (a) ethanol treated K
+
-BIRM-1, (b) after 5 hours evacuation and (c) 
after 15 hours evacuation. 
 
 
